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ABSTRACT 
Michaela de Vial 
A highly branched hyphal morphology was observed in early stage (high nutrient 
availability) batch liquid culture and high dilution rate chemostat culture of 
Saccharopolyspora erythraea and Streptomyces coelicolor. In contrast, nutrient 
exhausted batch cultures and low dilution rate chemostat cultures contained un- 
branched mycelia. Formation of un-branched mycelia is thought to have evolved 
to expedite rapid "searching" of the soil environment, in order to locate nutrients. 
The increased frequency of branching is assumed to provide a structure that can 
exploit nutrient rich micro-habitats (once located) effectively. 
Cultures consisting of discrete, highly-branched mycelial micro-colonies were 
more Newtonian, and less viscous, than those consisting of longer, un-branched 
hyphae per unit biomass, so induction of the latter form will require more 
agitation energy to effect aeration in bioreactor culture and have a potentially 
significant effect on the product cost. 
Microarray analysis identified a number of genes associated with cell wall 
biosynthesis and nutrient catabolism that correlated with branch rate and/or 
nutrient availability. 
Mutants, resistant to inhibitors of various stages of peptidoglycan biosynthesis 
exhibited alterations in branch rate, compared to the un-mutated strain. Bacitracin- 
resistant mutants had an increased branching rate and tunicamycin-resistant 
mutants a decreased branching rate. These observations are consistent with a 
hypothesis that increasing the rate of movement the lipid carrier step in 
peptidoglycan biosynthesis prevents branching whereas increasing the rate of 
binding of precursor onto the carrier increases branching rate. Experiments, 
examining the effect of peptidoglycan inhibitors on the un-mutated strain 
produced results that were consistent with this hypothesis. 
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1. Introduction 
Non-Newtonian fluids cause the most problems in relation to design and 
operation of bioprocesses involving filamentous micro-organisms. Olsvik et al. 
(1994) studied extensively the impact of filamentous morphology on both the 
freely available loose forms and on pelleted or clumped forms of culture. It was 
concluded that there are many parameters affecting the rheology of cultures; - 
pH, dO2, biomass concentration, physical forces i. e. shearing, medium 
composition, soluble or insoluble medium components, or surfactants. 
The stage of growth can also dictate the rheological behaviour of the culture 
fluid. Under batch conditions a culture undergoes a rheological transformation 
corresponding to the progression from a low to high biomass concentration as the 
growth cycle progresses. At a low biomass, early in the batch culture, the fluid 
displays Newtonian behaviour, similar to water. Midway through the exponential 
phase with a high biomass concentration, the behaviour changes to a more non- 
Newtonian, usually pseudo-plastic conformation (as seen in non-drip paint or 
tomato ketchup). Later in the fermentation after stationary phase, fluid behaviour 
can revert back to more Newtonian characteristics as observed during 
experimental batch cultures (Banks et al., 1977). 
One of the major problems with the increased viscosity is the effect upon 
aeration. The power draw exerted by an impeller, when it is required to aerate 
such a viscous mixture, is one of the major costs to an industrial producer of 
antibiotics or other natural products utilising filamentous organisms. 
Filamentous micro-organisms employed in industrial bioprocesses belong to 
either the actinomycetes or to the fungi. Even though these are prokaryotes and 
eukaryotes respectively, growth patterns, morphologies and life cycles are very 
similar. The majority of investigations with regards to mycelial morphology and 
viscosity have been within the fungi, Muller et al. (2003), Gehrig et al. (1998), 
Olsvik (1994), Riley et al. (1999). The course of these have tended to be more 
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focused upon pellet morphology and size and the impact of the pelleting 
phenomenon on broth rheology and viscosity. 
1.1 Actinobacteria 
"The actinobacteria" is a common term for the order Actinomycetales 
(Stackebrandt et al., 1997). Many genera within this group display characteristic 
branching filaments, which give members a fungal appearance. They are Gram 
positive with a high G and C of 60-70 mol%. The order contains a diverse 
number of bacteria; these have been allocated different genera by a range of 
parameters including morphology, chemical composition, and microbiological 
testing. The usage of chemotyping in the Actinomycetes has resulted in the 
identification of groups for classification, in this case, via the identity of specific 
content within the cell wall and associated lipids. One of the main components 
present within the peptidoglycan cell walls of the Actinomycetales is 
diaminopimeleic acid (DAP). Only one genus lacks this, the Actinomyces. The 
remainder have been divided into chemotypic peptidoglycan cell wall groups, 
these are as follows with a few examples of the genera: 
" Group I- L-DAP and glycine e. g. Streptomyces 
" Group II - meso-DAP and glycine e. g. Micromonospora 
" Group III - meso-DAP only e. g. Thermonospora 
" Group IV - meso-DAP, arabinose and galactose e. g. Amycolatopsis, 
Mycobacterium, Saccharopolyspora 
The Streptomycetaceae, contain some of the most well-characterised organisms 
within the group, especially those of the genus Streptomyces. These soil bacteria 
are Gram-positive, with aG and C content typically greater than 70%. These are 
usually distinguished by the mycelial morphology of the bacteria, which grows in 
a branched filamentous form in a manner similar to fungi, a reason for the initial 
mislabelling of the bacterial group as a fungus upon discovery. 
-2- 
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1.1.1 Growth and differentiation 
Michaela de Vial 
The differentiation of the genus throughout its life cycle has been a source of 
interest for many years. When grown upon a solid substrate under appropriate 
environmental conditions, germination of a single spore results in the formation 
of a germ tube. This germ tube can then exploit nutrient sources available by 
hyphal growth and branching along the surface of the substrate, radially from the 
central point of spore germination. After a lag phase, the mycelia are no longer 
constricted solely to the nutrient surface and aerial hyphae may form. These 
aerial hyphae are, as in fungal cultures, the precursors to the formation of spores. 
As nutrient depletion occurs throughout the colony, from the centre outwards, 
aerial mycelium may undergo septation and spore formation (see Figure 1). 
Aerial 
inycillutn 
030 
Subs U) 0 
mycclhun 
Figure 1. An idealised illustration showing a cross section of Streptomyces coelicolor colony 
upon a solid substrate. Dark shaded areas depict intact cells and white areas of hyphae indicate 
disintegrating or lysis of cells. (Wildermuth, 1970) 
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1.1.2 Secondary metabolites 
Secondary metabolites were originally called so after the discovery of bioactive 
compounds produced during carbon limitation in culture, after the exponential 
phase, upon onset of the stationary phase. Primary metabolites are core to the 
growth and existence of an organism, however secondary metabolites are not 
essential for growth. Secondary metabolites can include pigments, antibiotics, 
pheromones, toxins, and effectors of ecological competition to name but a few. 
They may be derived from a number of different precursors, dependent upon the 
organism, the product and the environmental conditions at the time. Precursors 
may include amino acids, small fatty acids and sugars. Regulation of secondary 
metabolite formation is influenced by t-RNA, sigma factors and gene products 
after exponential growth. 
The provision of precursors can result in an increase in the final product. This 
may not only be due to the physical presence and increased amount of precursor 
or raw material being available for synthesis of secondary metabolites, but can 
also be due to the precursor acting as an inducer upon enzymes in the 
biosynthetic pathway e. g. lysine on lysine aminotransferase in S. clavuligerus 
production of cephamycin. 
Secondary metabolism is controlled by a series of mechanisms that can be 
dependent upon a wide range of factors, including information upon nutrient 
availability, population density, the stage of cell cycle, growth rate and 
environmental conditions. In response to this information, signals, often in the 
form of a low molecular weight inducer (i. e. y-butyrolactones - see below), 
effect a cascade resulting in chemical differentiation and morphological 
differentiation. Demain and Fang (1995), and Demain (1998), discussed the 
probability of the presence of a "master gene" that is activated by variation in 
nutrient, growth rate and inducer signals. This high order gene is presumed 
responsible for control of both secondary metabolism and morphogenesis. Lower 
hierarchy genes could control either one outcome or the other, progression down 
the order result in genes becoming responsible for just one smaller or less 
complex function e. g. septation, biosynthetic pathways or type of bioactive 
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compound to be produced. An example of master genes currently relevant to the 
morphology and differentiation of the actinomyces includes pathway specific 
activators such as Red Z and actlI ORF4 -a positive regulator of the actinomycin 
pathway, located within the act cluster (Bibb, 2005). 
Some of the most extensively studied of inducer signals of secondary metabolism 
within the actinomycetes include the y-butyrolactones. These auto-inducers 
interact with proteins which normally regulate chemical and morphological 
differentiation. When the y-butyrolactones (butanolides) complex with the 
protein it renders it inactive (Demain, 1998), therefore allowing secondary 
metabolism and the formation of sporulating structures and aerial mycelium. 
A-factor, a widely studied butanolide, and its relatives are vitally important in 
actinomycete bioprocesses. This endogenous y-butyrolactone binds to a receptor 
on the regulatory protein, removing the protein from its DNA-binding site. In S. 
griseus, one of the most widely studied regarding butyrolactone activity in 
actinomycetes (Horinouchi, 1992), the autoinducer is produced just before 
streptomycin production and disappears before levels of the antibiotic peak. S. 
coelicolor, the model for the project, does not form A-factor but does produce at 
least one y-butyrolactone in its spectrum of its six autoregulators. 
Within liquid batch culture it is generally assumed that the event required to 
switch on the secondary metabolism is due to a substrate becoming exhausted. 
There are three nutrients that are regularly referred to regarding their effects upon 
secondary metabolism - carbon, nitrogen and phosphate. Limitation of these 
nutrients can result in a decrease in protein synthesis subsequently triggering 
what is referred to as the stringent response (Wilson and Bushell, 1995), or it can 
also result in the inhibition of enzymes involved in secondary metabolism e. g. 
glucose causes repression of tryptophan pyrolase in actinomycin production. 
However, if the organisms are grown in a medium that supports slow growth, 
both the growth phase and secondary metabolite production phase can overlap 
(Piret and Demain, 1988). The slow growth rate or transition phase, and the 
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change in morphological characteristics of a batch culture are closely correlated 
with the secondary metabolism. 
1.3 Saccharopolyspora erythraea 
Saccharopolyspora erythraea was a species in which a change in morphology 
and a possible associated extreme change in culture viscosity was initially 
observed in a complex medium (personal communications Prof. M. E. Bushell 
and Dr J. N. Wardell and Abbott Laboratories, Chicago). The implications that 
this could have upon the efficiency of mixing and associated antibiotic 
production that resulted in the industrial interest and concept behind this project. 
Saccharopolyspora erythraea is an aerobic, high G and C organism (71 %), it 
stains Gram positive and non-acid fast. A highly branched filamentous micro- 
organism, with a complex life cycle, it differs from most of its genus which grow 
in a more fragmented manner (Zhou et al., 1998). 
Originally identified upon isolation between 1915 and 1920 as Actinomyces 
erythreus (Waksman, 1919), the name was later changed to Streptomyces 
erythreus (Waksman and Henrici, 1948). Further chemotaxonomic and 16sRNA 
analysis revealed that it should be reclassified as an alternative genus 
(Kuznetsov, 1977). Labeda (1987) created the genus Saccharopolyspora, and 
designated it to belong within Pseudonocardiacae along with the other 
chemotype IV cell walls, which are lacking mycolic acids. 
S. erythraea has a circular genome of 8.2 MB, an industrial strain had been 
sequenced (MWG Biotech, 2003) but was unavailable for public dissemination. 
The more widely available strain, S. erythraea NRRL 2338, has more recently 
been published (Oliynyk et al, 2007). Unfortunately microarrays specific to S. 
erythraea were not in circulation at the time of this project. The industrial strains 
in use only have 44% sequence homology with Streptomycetes (MWG Biotech, 
2003). This has implications with regards to identifying the genes involved 
within any morphological change due to a general lack of knowledge regarding 
the genes available in S. erythraea and how these correspond with other 
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industrially-relevant bacteria. Streptomyces coelicolor, an important species as it 
has been fully sequenced (Bentley et al., 2002) would be a much better organism 
upon which to base genetic and molecular analysis of any changes observed. 
Widely available research indicates that the genus Saccharopolyspora 
demonstrates more similarity with Mycobacteria and Corynebacteria, however, 
their genomes are far smaller than that of Saccharopolyspora. A contributing 
factor to the size of this genome may also be the adaptations required for growth 
in the natural environment from which they can be isolated. 
A soil dwelling organism, S. erythraea can undergo a complex life cycle, 
displaying great morphological differentiation, also illustrated in S. coelicolor 
which has a comparable genome size of 8.7Mb (Bentley et al., 2002). Secondary 
metabolite production is also relevant to both genera, S. coelicolor producing the 
antibiotics actinorhodin (ACT), undecylprodigiosin (RED) and a calcium 
dependent antibiotic (CDA). The ability to differentiate and produce secondary 
metabolites contributes to the increased size of the genome as more genes are 
required for regulation and activation of the pathways. As a consequence all 
experiments will be duplicated in S. coelicolor, which demonstrates a similar 
morphological profile. This will provide a comparative basis for investigation in 
a well-documented, fully sequenced model organism. 
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Figure 2. A radial cladogram of 16s rRNA relationships between selected well characterised 
species of the Actinobacteria. 
1.2.1 Industrial History of S. erythraea 
The antibiotic of pharmaceutical interest produced by Saccharopolyspora 
erythraea is a macrolide called erythromycin. Erythromycin A, the isomer with 
greatest efficacy generated by the organism (Figure 3), is active against Gram- 
positive bacteria including mycoplasma and staphylococcal, pneumococcal and 
group A streptococcal infections. This in association with its relatively low 
toxicity make it a valuable product. Erythromycin was first discovered at Eli 
Lilly, this was launched as the antibiotic Ilotycin® in 1953 from a soil organism 
isolated from the Philippines (Baltz, 2005). Two polyketides may be produced 
during fermentation - erythromycin, the desirable macrolide antibiotic in a 
variety of forms (A-F), and a red pigment, associated with a lack of oxygen 
during fermentation. This pigmented form is undesirable with regards to 
industrial production, detracting from total erythromycin yield. It appears to be 
derived from a flaviolin produced by a type III polyketide synthase (Cortes et al. 
2002). 
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Figure 3. Structure of Erythromycin A, a macrolide antibiotic produced by Saccharopolyspora 
erythraea utilised in modern pharmaceuticals. 
The macrolide antibiotic acts by stimulating the dissociation of the t-RNA 
molecule from the ribosome during elongation, thereby causing termination of 
the chain and a subsequent halt to protein synthesis. The precise mechanism has 
not been determined to date, erythromycin is thought to bind to the 50s subunits 
of the ribosome at the site of peptidyl transferase, preventing tRNA translocation 
from the A to the P site upon RNA thereby blocking the formation of peptide 
bonds (Walsh, 2004). 
-9- 
PhD Thesis 2008 Michaela de Vial 
Propionyl-CoA , Mmº Ery AI Methylmalonyl-CoA 
6-Deoxy-erythronolide B 
Ery F 
1 
Erythronolide B 
Ery BV 
3-O-alpha-Mycarosyl-erythronolide B 
Erythromycin B C 
Figure 4. Simplified biosynthetic pathway of erythromycin. Precursors are indicated in green, 
intermediates in yellow and macrolide antibiotics in red. Genes are boxed in black. The most 
effective antibiotic, and the end-product most desired with respect to purity for synthesis of 
further antibiotic products in Erythromycin A. Incomplete fermentations results in end yields 
"contaminated" with higher percentages of Erythromycins D, B and C. 
1.3 Rheology 
Fluids undergo continuous deformation when subjected to a shear stress. 
Rheology is the study of fluid mechanics that looks into the relationship between 
fluid deformation and stress. Viscosity was defined by Newton as the ratio of 
shear stress to shear rate and is expressed on the assumption that the fluid in 
question is contained between two hypothetical parallel plates separated by a 
distance d (Figure 5). The top plate has a constant velocity U in direction x. 
The shear rate y= U/d. 
This can also be applied to the force of stirring impellors in a bioreactor or the 
force utilised in the measurement of viscosity using a viscometer. 
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Figure 5. A diagram indicating simple shearing. 
Fluid can be characterised in two ways according to Newton's Law, these are 
hence termed Newtonian and non-Newtonian. A Newtonian fluid has a viscosity 
that is independent of shear rate, for example, unicellular cultures or glycerol 
maintain their viscosity irrespective of the shearing forces placed upon them. A 
non-Newtonian fluid is a fluid in which the viscosity varies with shear rate. 
Viscosity in non-Newtonian fluids is termed apparent viscosity and is determined 
as the ratio of shear stress to shear rate. There are several variants of non- 
Newtonian fluids. Some are known as yield-stress materials. These require a 
certain level of stress to be achieved before further deformation of the liquid can 
take place. The behaviour of such a fluid is known as Bingham plastic. This can 
be observed for example when fine solid particles are in suspension. Shear 
thinning fluids demonstrate a decreasing shear stress with increasing shear rate. 
These typically obey a Power law model over a range of shear rates. This 
behaviour could also be described as thixotropic, observed in such familiar 
materials as mayonnaise and some paints (Figure 6). 
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Figure 6. A simple illustration of Newtonian and non-Newtonian fluid behaviour. 
Over the years, descriptions of mycelial broths have varied from Newtonian to 
Bingham, Herschell-Bulkley and the Ostvald-de-Waele power law model. 
Streptomycetes, grown in liquid media in filamentous forms have been 
characterised as following different rheologies, even when the species remained 
the same (Atkinson and Mativuna, 1983). Variations in sampling techniques, 
rheometers, and difficulty in maintaining a homogenous filamentous suspension 
have all contributed to the different results. 
The Power law model is widely used to describe the non-Newtonian behaviour of 
fluids. The flow behaviour index indicates the closeness of the rheology of the 
fluid in question to Newtonian behaviour. A true Newtonian fluid generates a 
flow index of 1. For a shear thinning fluid, the parameter is between 0 and 1 and 
for a shear thickening fluid, greater than 1. Consistency index is the viscosity at a 
shear rate of 1 s-1. 
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There are conflicting views upon the use of flow index as a measurement for 
analysis of culture or bioreactor broths. Riley et al. (2000) found that there was 
no clear relationship between flow behaviour index and biomass concentration, 
this may be indicative of the problem that we are trying to combat as the 
additional impact of morphology may impact upon the fluid behaviour observed 
(Figure 7a and Figure 7b). However this was only found for those viscosities that 
were high enough to be measured and further characterised with a Rushton disc 
turbine impeller. However, there was a correlation found associated with the 
consistency index when extrapolated from results obtained from biomass 
concentration (Warren et al., 1995). They performed tests with S. erythraea, 
Streptomyces rimosus and Actinomadura roseofura, and concluded that 
consistency index followed a similar profile to biomass concentration, in contrast 
to previous findings with Penicillium chrysogenum, where morphology and 
biomass concentration have an influence. It must be noted that in their 
actinobacterial experiments the main hyphal length was measured, not the branch 
frequency, surprisingly this did not ever exceed 25µm. 
Longer hyphae with 
decreased branching have a 
Non-Newtonian rheological 
Higher stirrer 
speeds required 
to compensate 
Decreased stirring efficiency- 
depleted 02 and nutrient 
availability 
After a threshold stirring rate has been 
achieved the longer filaments line up - 
decreasing the energy required to mix 
Figure 7(a). Longer, less-branched filamentous cultures display pseudoplastic characteristics. 
Upon application of a shear force in a constant direction, the filaments line up, reducing the 
power required to agitate the culture, this is similar to the behaviour of other polymer suspensions 
i. e. non-drip paint. Turquoise arrow sizes are indicative of mass transfer within the bioreactor. 
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Figure 7(b). Smaller, highly-branched filamentous cultures with discrete components display 
more Newtonian characteristics. There is little change in viscosity and therefore mass transfer, 
therefore requiring less agitation to allow good mixing. Turquoise arrow sizes are indicative of 
mass transfer within the bioreactor. 
Pelleted cultures have a more Newtonian rheology and are therefore more readily 
agitated. Saccharopolyspora erythraea grows initially in a highly branched form, 
but has been observed during industrial fermentation conditions to undergo 
hyphal elongation and an associated decrease in branch rate (Abbott personal 
communications). High stirring speeds are therefore required which are not only 
expensive, but the fluctuating velocities in the viscous broth result in high 
interfacial shearing stresses. The increased shear rate and shear stresses can result 
in hyphal breakage. 
1.4 Bioreactors 
Microbial Physiology studies are greatly facilitated by the use of bioreactors, 
which enable all culture parameters to be monitored and controlled. Due to the 
controls imposed, experiments have better reproducibility and constraints can be 
maintained to allow direct comparison of different species under identical growth 
conditions. 
The type of experiments carried out in bioreactors can fall under several 
headings, the main four are as follows; 
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1.4.1 Batch culture - The traditional system. The organism is inoculated into a 
constant volume of fermentation media. The organism is grown within this 
closed system, with a specified total concentration of nutrients provided at the 
start, until the growth cycle (as described by Monod, 1942,1949) is complete. 
This growth cycle of the organism in batch culture follows a typical lag, 
exponential and stationary phase, unless the process does not require completion 
of the cycle, therefore resulting in early termination. Neither addition of nutrients 
nor removal of waste products occurs within this system except for sampling. 
The growth cycle occurs as a consequence of the interaction of the organism with 
the environment in which it is growing, whereupon the substrate(s) becomes 
eventually exhausted. Many of the alternative methods to batch growth, still have 
to initially start as a batch with the other method then being employed after 
initiation of exponential growth. 
1.4.2 Fed-Batch -A batch culture is set up as above, however there is addition 
of a nutrient feed to prevent starvation and to avoid the effect of substrate 
inhibition and catabolite repression. This enhancement of the batch process by 
feeds can yield a very high concentration of product per unit biomass. This is 
frequently used as a process in antibiotic fermentations for example, where a 
recognised batch approach is preferred by the FDA or other regulatory authority. 
There is a fixed start and end point, little chance of genetic alterations over the 
batch and all nutrients consumed can be quality assured. 
1.4.3 Cyclic Fed-Batch - This method can be used to grow an organism to a 
defined growth profile. The culture exhibits a constantly decreasing growth rate 
for the majority of the time. The volume of the culture increases to a maximum 
and is then rapidly reduced to the starting volume. This cycle can, in theory, be 
repeated ad infinitum. The concept of cyclic fed-batch was developed by Pirt 
(1974). The cyclical nature of the culture not only allows the culture avoid 
oxygen limitation, but as it is constantly under the effect of a decreasing growth 
rate and nutrient availability, secondary metabolism is repeatedly triggered, 
thereby maximising productivity. 
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1.4.4 Continuous Culture - After a batch culture has achieved exponential 
growth within batch culture, a continuous flow of medium, deemed the dilution 
rate (D), is applied to the bioreactor, equivalent to the desired growth rate. A 
continuous outflow from the bioreactor maintains the volume of the vessel at a 
constant level. At least three volume changes are allowed to elapse, and a 
"stable" biomass concentration achieved, although there may be small 
oscillations around an average biomass concentration, before the growth rate can 
be determined. The use of continuous culture allows a "snapshot" of the 
physiological, metabolic and morphological conditions within the bioreactor at a 
defined growth rate. This will be of particular interest for comparison of RNA 
profiles with different morphological features in liquid culture. This method is 
not currently utilised in industry, but it is a valuable tool in laboratory based 
investigations. 
1.5. Submerged culture of S. erythraea 
Morphology related performance in S. erythraea has previously been 
investigated by Martin and Bushell (1996). High stirrer speeds resulted in a 
smaller particle diameter (70µm at 1500rpm) in comparison with lower stirrer 
speeds (124µm at 750rpm) and an associated decrease in erythromycin. The 
lower stirrer speeds resulted in decreased shear, and therefore less turbulence and 
from micro-eddies in the current behind the impellors. It was concluded that in 
order for antibiotic production to occur, the size of the particle had to be greater 
than 88µm, this was in keeping with the theory that antibiotic secretion in 
filamentous organisms occurs at a fixed distance behind the growing tip (Martin 
and Bushell, 1996, Nestaas and Wang, 1983). 
-16- 
PhD Thesis 2008 Michaela de Vial 
a) 24h b) q 
u^ 1'P 
Figure 8 a), b), c) Industrial strains can undergo extensive hyphal lengthening during the time 
course of a batch fermentation. The increased length of the filament renders it more 
susceptible to breakage and a subsequent undesirable decrease in antibiotic production can 
result. 
The breakage of S. erythraea in stirred batch culture has been documented 
(Heydarian et al., 2000, Stocks and Thomas, 2001). The appearance of 
permeabilised membranes (Stocks et al., 2001) coincided with an increase in the 
rate of fragmentation. Growth under glucose limited conditions resulted in an 
increase in the force required to break the hyphae (1050 f 130 nN) at the end of 
growth phase in comparison with nitrate limited culture which had a breakage 
force of (900 + 160 nN). This fits well with the theory that the longer less 
branched hyphae, more evident under nitrate limitation than glucose limitation, 
are weaker than their shorter more highly branched counterparts, at least with 
respect to tensile strength. Yet after glucose depletion, the effect of starvation is 
almost instantaneously observed with hyphal strength diminished to below the 
limitation of the equipment used, and fragments break from the initial force 
applied. 
S. erythraea is susceptible to high rates of shear, with fragmentation occurring at 
various rates according different stirrer speeds. Wardell and Bushell, (1999) 
observed that hyphal growth unit values at a dilution rate of 0.04 h-1 were higher 
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than those attained during dilutions of 0.1 h-1, therefore indicating that a more 
highly branched morphology at a higher growth rate. So it can be assumed that 
under conditions of increased nutrient availability there is increased branching, 
and also under high shearing conditions when it is that an increase in stirrer 
speed, which results in damage to the fragments, therefore causing a decrease in 
the mean hyphal fragment size or diameter. 
Hyphal strength has been investigated in S. erythraea (Wardell et al., 2002) 
however little has been concluded upon the impact of flexibility of the hyphae. 
Increased flexibility would result in decreased viscosity. The flexibility of 
hyphae is dependent upon several variables including changes in branching rate, 
cell wall composition and osmotic gradients altering turgidity of the cell. 
The effect of shear upon erythromycin production was investigated by Heydarian 
et al. (1999). Biomass at two stirrer speeds, 350 rpm and 1250 rpm, was found to 
decrease with increased shear. Specific erythromycin production decreased by 10 
% at the higher shear rate, the size of the two main axes of mycelia was dictated 
by the stirrer speed. Freely dispersed mycelia described in this paper looked 
more like the result of damage to mycelia, forming smaller fragments of hyphae. 
It has previously been found that there is an optimum size for antibiotic 
production, 88 µm (Martin et al., 1996), very high shear rates can result in 
breakage and formation of particles or fragments smaller than the desired size. In 
the event of this occurring there is a subsequent decrease in associated antibiotic 
production. In comparison, highly entangled dense clumps are also undesirable 
as these suffer from decreased mass transfer due to increased difficulty in 
diffusion to the centre of the clump. 
Therefore optimal erythromycin production would be from a fragment with a 
loosely clumped shape, greater than 88µm diameter and that is fairly highly 
branched to protect it from shearing and torsional forces. 
Belmar-Beiny et al. (1999) and Roubos et al. (2001) identified the effect of shear 
on morphology of S. clavuligerus, however, a much greater proportion of 
investigations have been placed into the effects of shear upon fungal 
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fermentations (Smith et al., 1989), wherein the effect of shear is much 
exacerbated in these generally larger micro-organisms. 
1.5.1 Morphology affects Mass Transfer and Performance 
Many of the problems afflicting the efficiency of submerged culture 
fermentations arise from morphology. Loose mycelial particles have the effect of 
increasing culture viscosity creating a pseudoplastic fluid. This in turn can cause 
problems in oxygen mass-transfer and mixing. Often in industrial processes this 
can result in a requirement for increased impellor speed to achieve improved 
mixing and oxygen availability, unfortunately the increase in mechanical forces 
and associated tensile strain may result in hyphal fragmentation and a subsequent 
decrease in productivity of the micro-organism. This has been observed by 
Wardell et al. (1998), who reported a decrease in total hyphal fragment size 
below 88µm resulted in a decrease in productivity. Particles below this once 
isolated did not appear to produce any antibiotic at all. 
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Figure 9. Fragment composition in liquid cultures of non-pelleted filamentous micro-organisms. 
Viable antibiotic producing fragments are sized greater than 88µm. Fragments smaller than are 
therefore undesirable in culture broths (adapted from Wardell et al. 1999). 
In industrial cultures it is desirable to be able to rigidly control processes so that 
maximum yield and therefore maximum productivity 
is achieved. In highly 
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viscous broths, the majority of energy and therefore cost utilised by 
pharmaceutical companies in the production of secondary metabolites/ products 
is attributed to the power required to aerate and stir the vessel. 
The impact of micro-morphology upon viscosity and subsequent rheological 
behaviour of culture fluids has been investigated extensively in fungal 
organisms, Düsten et al. (1996), Katz et al. (1972), van Suij dam and Metz (1981)) 
however the data currently available for the actinomycetes and associated 
filamentous bacteria is somewhat limited. 
The combination of high biomass concentration within a soluble complex 
medium which encourages high growth yields and associated erythromycin 
production in addition to the filamentous form of the bacterium can result in an 
extremely viscous culture suspension. When viewed within the bioreactor there 
is difficulty in mixing due to the high viscosity, areas of the fermentation vessel 
that are highly agitated have good mixing, aeration, and mass transfer rates but 
also high rates of shear which can result in mycelial breakage and premature 
fragmentation and therefore decreased erythromycin production if too high. 
Within a bioreactor there are also areas where it is that the shear force drops e. g. 
the walls of the fermentation vessel. This particularly applies to operation with a 
baffled system and also near the top surface of the liquid where there may be 
problems associated with wall growth and decreased oxygen/nutrient availability. 
Nutrient availability is increased in dense cultures due to the coalescence of air 
bubbles. 
The pseudoplastic nature of filamentous fermentation broths, results in decreased 
viscosity in the area of high shear or agitation. When air is bubbled through the 
sparger at the base of the vessel, the air bubbles upon release, take the path of 
least resistance, which is through the central well aerated, less viscous, agitated 
area. Baffles are frequently used in bioreactors to increase the turbulence, and 
consequently increase oxygen availability preventing coalescence of air bubbles. 
In the bioreactor the wall areas and surface layer, irrespective of the presence of 
baffles (which can result in the generation of "dead zones" in the void behind 
them), ultimately experience greater oxygen limitation. 
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One additional aspect of inadequate aeration and mixing is not only the oxygen 
depletion but the build up of toxic carbon dioxide levels, lack of aeration means 
that the CO2 is not removed at a high enough rate to prevent inhibition of growth 
and maintenance of cellular function. 
1.6 Mycelial growth 
Cell wall growth and consequent morphological forms observed in Streptomyces 
and fungi are probably an example of parallel creation in pro- and eukaryotes 
resulting from adaptation to the soil environment. 
Within the Streptomycetes, changes in hyphal growth units are thought to be an 
associated adaptation to nutrient availability (Kretschemer, 1981) and that this is 
an evolutionary development. Increased branching maximises the exploitation of 
nutrient rich micro-habitats, to ensure uptake of all available substrates. Longer 
less branched "searching" hyphae are sent out under nutrient exhaustion, 
increasing the probability of encountering a new nutrient source. 
Katz et al. (1972) observed that fungal growth would be slow in conditions of 
poor nutrient availability, and that it would be of increased survival value to be 
able to reach a nutrient rich environment. Therefore the ability to decrease the 
branching rate, to allow cover of a greater distance per unit dry weight synthesis, 
would be an evolutionary advantage. 
1.6.1 Bacterial Mycelial Morphology 
The Actinobacteria (Streptomycetes) have an alternative mode of cell wall 
growth to that of the well-characterised rod-shaped bacteria. Typical models 
include Escherichia coli and Bacillus subtilis which maintain a stable cap, whilst 
new peptidoglycan is integrated along the lateral walls. Within Actinobacteria 
(Streptomycete) species, the mycelial growth pattern has been studied via micro- 
culture methods. Elongation within cells was restricted to specific apical 
elongation sites (e-sites) (Begg et al., 1977) located at the tip of each hyphal 
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element. New peptidoglycan is formed in the actively growing tip or apex. This 
was proven by staining with fluorescent vancomycin (Flärdh, 2003), the 
antibiotic was incorporated into the new developing peptidoglycan, and observed 
under microscopic examination. 
Close correlation between septation and branching sites has been observed when 
considering the mean values of whole populations (Kretschemer, 1992). 
However when individual hyphae were investigated the correlation broke down. 
When measured 4-39% of apical branches were directly associated with septation 
points dependent upon the growth rates. 
Mycelial growth has been described by Kretschemer (1980) as having two 
modes: an "exponential increase of the total length parallel to the number of 
branches" and "elongation being restricted to the elongation sites (e-sites) at each 
hyphal tip. " When Kretschemer observed the growth of S. granaticolor on agar 
(glu-pep-agar), he reported that mycelia grown in the liquid equivalent (glu-pep- 
medium) resembled that observed upon the solid medium, therefore indicating a 
possible relationship between growth in liquid medium and growth on solid 
medium. 
Hyphal elongation is thought to occur due to increased turgor (Prosser and 
Tough, 1991) at the end of the mycelial filament, or the tip. The tip of the 
filament is far more elastic than the lateral cell wall. Addition of newly 
synthesised materials at the apex causes an increase in the hydraulic pressure of 
the intracellular fluid, stretching the apex, which is subsequently rebuilt. As the 
tip advances so the following/trailing cell wall increases in rigidity. Miguelez et 
al. (1992) demonstrated that DNA synthesis increased towards the tip, elasticity 
of the cell wall also increased towards the tip as did the rate of peptidoglycan 
incorporation. The distance between the first cross wall and the actively growing 
tip is influenced by the age of the filamentous culture. Kretschemer (1982) found 
a variation between 16 µm and 30 µm. 
DNA replication occurs over all parts of the mycelia. Cytoplasm is also 
synthesised all over, therefore it has been concluded that only cell envelope is 
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generated at one apical pole or e-site for development of the new branch. For cell 
replication to occur via septation, however, the DNA has to be located at the tips. 
The common theory for the relocation of the DNA is "nucleoid migration" to the 
actively growing tip. Once there is septation from the apex further growth cannot 
occur within the segment, unless lateral branching is initiated. 
In filamentous micro-organisms, one unit that is commonly used as a 
measurement is the hyphal growth unit or HGU. This is the total length divided 
by the number of tips, and is often thought to be the analogue of a single cell. 
Within rich medium the HGU is lower, resulting in increased branching and 
exploitation of the nutrient source with exponential growth. Within nutrient 
limited medium HGU is higher, indicating decreased branching and linear 
growth. Hyphal growth unit (HGU) is paramount in describing the branching 
density and behaviour of the organism. This has been investigated by Kotov and 
Reshetnikov (1990), the numerical value for HGU can be related in young 
mycelia to a regulatory mechanism that controls the behaviour of the growing 
and extending hyphae. 
Areas of active growth at hyphal tips - 
main areas of pcptidoglycan incorporation 
septae 
inactive cell wall - no growth 
Figure 10 (a) Areas of active cell wall growth and peptidoglycan incorporation is conserved at 
the tips of the hyphae, cells septated from the active tips do not undergo growth of the cell walls, 
these remain as hollow lengths of tubulin 
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Figure 10 (b) Continuous DNA replication occurs throughout the organism, both along the 
lateral cell wall and at the tips (Miguelez et al., (1992) 
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Figure 10 (c) Movement of the DNA towards the tips, often referred to as "nucleoid migration" 
occurs prior to septation to enable adequate genetic exchange to the "daughter cell" produced. 
(Nucleoid discs are for illustrative purposes only and not indicative of physical volume of DNA) 
It could be assumed that some genes associated with changed morphology in 
liquid culture are also linked with differentiation in organisms grown on solid 
agar medium. Studies on bld mutants of S. coelicolor where mutants fail to 
produce aerial mycelium and hence appear "bald" and shiny have been at the 
fore-front of studies on differentiation on solid medium. 
1.6.2 Pelleted growth 
Kim et al. (2004) compared the formation of pellets in S. coelicolor A3 (2) to 
bio-film formation. A similarity with Pseudomonas aeruginosa was made, 
whereupon production of extra-cellular DNA is utilised within the matrix holding 
bacterium together as a bio-film. It was theorised that lysis of mycelium in the 
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centre of the pellet causes leaching of extra-cellular DNA which then acts as an 
adhesive element, maintaining the integrity of the pellet. 
Pellet formation also is dependent upon many parameters, including pH, but also 
important is the comparative size or percentage (v/v) and growth state of 
inoculum. Low percentage (v/v) inocula tend to be more likely to pellet, high 
percentage (v/v) inocula produce more filamentous regular growth (Glazebrook 
et al., 1992). 
1.6.3 Fungal Filamentous Morphology and Rheology 
As stated previously, morphology impacts on rheology and subsequent bioreactor 
performance. Fungal growth of loose filamentous mycelium and high biomass 
concentration can result in a highly viscous broth with extremely non-Newtonian 
properties (Olsvik and Kristiansen, 1994). High power input is required to enable 
adequate mass transfer rates of gas and nutrients/liquids due to the high viscosity. 
In fungi, growth in mycelia occurs by hyphal tip extension, unlike the situation in 
actinomycetes where branching occurs near the apex of the tip (Kretschemer, 
1995). Jackson and Heath (1993) characterised the system of tip extension and 
branch formation followed by subsequent growth as fundamental in the 
description of fungi. 
Metz et al. (1981) observed that branching in fungal cultures make the hyphae 
less flexible, altered branching could also be expected to increase viscosity. Metz 
theorised that an increase in the osmotic pressure of the culture fluid would result 
in a subsequent decrease in cell turgidity, making the hyphae increasingly 
flexible therefore decreasing the viscosity. 
Increased fibre length and increased fibre strength were noted by Forgacs et al. 
(1959) to contribute to increased viscosity when applied to cellulose fibres in 
paper manufacture. One would conclude that this phenomenon is also true within 
hyphal systems. 
-25- 
PhD Thesis 2008 Michaela de Vial 
The relationship between shear conditions and mycelial morphology and their 
subsequent effect upon broth rheology in fermentation of Aspergillus awamori 
was studied by Badino et al. (1999). Evidence suggests that the consistency 
index (k) is more influenced by agitation than by aeration. The rate of agitation, 
or impellor speed was a more negative exponent in comparison with air flow rate 
by about 11 times. 
An increase in particle length of Streptomyces levoris and Aspergillus niger 
(Mohseni et al., 1994) resulted in an increase in measured yield stress at a 
specified biomass concentration, therefore indicating that an increase in viscosity 
is therefore independent of cell concentration, demonstrating an increase with 
respect to an increase in cell size. 
A contributing factor to viscosity encountered in liquid culture is hyphal 
entanglement. The interaction of the filaments within the system results in the 
formation of a hyphal network structure which is cyclically being built up and 
broken down. At increased shear rates the network disappears until an optimum 
is achieved and the culture broth flows as a Newtonian fluid (Banks et al., 1977) 
Within fungi filamentous growth at high to moderate biomass levels are usually 
associated with high apparent viscosity levels and shear thinning or pseudoplastic 
rheological behaviour (Wang et al., 2005). 
1.7. The Gram-Positive Bacterial Cell Wall - Peptidoglycan Assembly. 
The biosynthesis of peptidoglycan (Figure 11) has been noted to happen in three 
distinct stages: cytoplasmic assembly, membrane associated and extra- 
cytoplasmic (Walsh, 2003) relating to the different areas of the cell in which 
biosynthesis is occurring. 
1.7.1 Cytoplasmic Assembly 
There are seven genes coding in the early stages of peptidoglycan assembly as 
determined by van Heeij enoot et al. (2001). Firstly, acetylated glucosamine-l-P 
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is uridylated by the enzyme G1mU, producing UDP-N-acetylglucosamine (UDP- 
G1cNAc). The UDP-G1cNAc is the starting block for the next stage of the 
process involving six enzymes (MurA-F) in the cytoplasmic assembly of 
peptidoglycan, until the end point of UDP-muramyl-L-Ala-D-G-Glu-meso- 
diaminopimelate. 
The enzyme MurA uses phosphoenolpyruvate (PEP) as a substrate, causing 
addition of the PEP then removal of the phosphate, leaving a 3'-O-enolpyruvyl 
ether. MurB is an NADPH oxidising flavoprotein that generates the lactyl ether 
to produce the muramic acid, upon which further chains are built - with peptide 
linkages generated from the carboxylate of the lactyl ether by the enzymes 
MurC, MurD, MurE and MurF. 
MurC, MurD and MurE perform homologous reactions resulting in the addition 
of L-Ala, D-Glu and meso-DAP respectively through the formation of amide 
bonds. The extending chain results in production of UDP-N-muramyl tripeptide 
after the MurE step. Each of the steps requires the use of ATP, cleaving it to 
ADP and Pi. MurF completes pentapetide chain by the addition of D-Ala-D-Ala 
dipeptide as a side chain resulting in a UDP-MurNAc-pentapeptide. 
D-glutamate and meso-DAP (L-DAP in the Streptomycetes) (as utilised by 
MurD and MurE) are provided by the enzymes glutamate racemase (murl) or a 
D-amino acid transaminase pathway. D-Ala-D-Ala dipeptide for usage by MurF 
is provided by the enzymes alanine racemase and D-Alanyl-D-Alanine ligase. 
All of these genes coding for the highlighted enzymes are further targets to be 
incorporated in analysis of the microarray results of the experiments. 
Teichmann et al. (2001) speculated that the Mur genes involved in this stage of 
the peptidoglycan biosynthesis pathway could have arisen by self-duplication of 
genes. Therefore the genes themselves could all be very similar. 
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1.7.2 Membrane Associated Assembly 
The enzyme MraY is responsible for the anchoring of the muramyl pentapeptide 
to the C55lipid located on the cell membrane via a pyrophosphate bridge. This 
initial securing to the membrane is known as the lipid I intermediate. Using 
UDP-G1cNAc as a co-substrate, a second sugar is added by MurG (a glycosyl 
transferase associated with the cell membrane), to result in the second 
intermediate - lipid II. 
1.7.2.1 Antibiotics affect membrane associated assembly of peptidoglycan 
Tunicamycin, a nucleoside peptide inhibitor of MraY, prevents the attachment of 
the muramylpentapeptide to the cell membrane, therefore preventing this and any 
further addition of secondary sugars, which would normally result in extension of 
the peptidoglycan chain. Tunicamycin carries out this inhibition by actively 
competing with the UDP-muramyl pentapeptide substrate for MraY. 
1.7.3 Extra-cytoplasmic Assembly: 
After the previous membrane associated stage which was catalysed by MurG, the 
lipid II intermediate is translocated across the cell membrane to then appear on 
the external or periplasmic face. Membrane bound transglycosylases and 
transpeptidases are then required for further elongation of the peptidoglycan 
chain. The cleavage of the CI-O-PO3, and the attack of a 4'-OH bond on the 
terminal G1cNAc of an elongating peptidoglycan chain results in the breakage of 
the pyrophosphate bridge. This then has to be hydrolysed by a membrane bound 
phosphatase back to the original C55 lipid moiety, which can then be recycled for 
use once again as the lipid I intermediate anchoring location. 
1.7.3.1 Antibiotics affect extra-cytoplasmic assembly of peptidoglycan 
The antibiotic bacitracin is a non-ribosomal decapeptide. This acts upon the outer 
cell membrane interacting with the phosphatase within the C55 lipid carrier cycle, 
forming a complex between the C55-O-P-O and the thiazoline ring of the 
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bacitracin. This prevents the recycling of the phosphorylated fatty acids for 
transport of the peptidoglycan to the external cell wall. 
Another antibiotic, vancomycin, a glycopeptide antibiotic prevents multiple 
layering of the peptidoglycan cell wall. This occurs by attachment of the 
molecule to the hydrogen of the D-alanine-D-alanine terminal chain of the UDP- 
N-acetylglucosamine (NAG) and UDP-N-acetylmuramic acid (NAM), 
preventing the subsequent addition of further "building blocks" of UDP-NAG 
and UDP-NAM. 
1.7.4 Teichoic and Teichuronic Acids 
Teichoic and teichuronic acids are the covalently linked polymers that occur with 
peptidoglycans in the Gram-positive cell wall. Teichoic acids consist of a polyol- 
phosphate backbone with sugars and the amino-acid delta alanine (Ward, 1981). 
The polyol involved is usually ribitol or glycerol (C5 or C3 respectively), 
although mannitol has also been listed. Teichoic acids are also involved in the 
direction of autolytic enzymes to the sites where peptidoglycan digestion is 
required, which occurs in cell wall biosynthesis. Teichuronic acids are acidic 
polysaccharides, which are produced under phosphate limitation instead of 
teichoic acids as the phosphate is preferentially used up in phospholipids, RNA 
and DNA (Neuhaus and Baddiley, 2003). 
One possibility is that phosphate limited culture conditions increase the 
production of teichuronic acids instead of teichoic acids resulting in an increase 
in less branched morphology and lengthening of the hyphae. It could be 
hypothesised that there are no enzymes directed to the peptidoglycan cell wall to 
make weaknesses to allow for subsequent branching. This therefore will result in 
a culture with a more characteristic pseudoplastic rheology. 
1.7.5 Mutational Effects Upon Cell Wall Properties 
The composition of the cell wall has an impact upon cell wall strength and 
branching frequency. Mutation of genes involved in cell wall biosynthesis can 
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therefore affect these factors. Wardell and Bushell (1998), subjected S. erythraea 
to selective pressure by exposure to cell wall synthesis inhibitors; these were 
penicillin, tunicamycin and bacitracin. It was discovered that mutants with 
decreased branch rate frequency exhibit an increase in hyphal strength. This 
resulted in a general increase in particles with a bounding diameter greater than 
88 µm which was determined the critical size for antibiotic production (Bushell 
et al., 1998), particles smaller than this are not productive. 
In chemostat cultures, more highly branched mycelia fragments are demonstrate 
greater resistance to breakage than less branched elements obtained at low 
dilution rates (Stocks and Thomas, 2000). Resistance to hyphal breakage depends 
upon the activity of the peptidoglycan synthesising enzyme phospho-N-acetyl- 
muramyl pentapeptide translocase as studied by Pickup et al. (1994). Mean 
hyphal branching rate of the penicillin and tunicamycin resistant mutants was 
much lower than the wild type NRRL2338, bacitracin resistant had an increased 
branching rate (Figure 12). The strength of the hyphae also followed the same 
pattern with tunicamycin and penicillin resistant mutants demonstrating the 
greatest strength, whilst bacitracin was weaker than wild type (Figure 12b). This 
was reflected also in the proportion of fragments greater than 88 µm, the 
minimum fragment size required for antibiotic production. 
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Figure 12 a, b, c. Wardell et al. (1998) Effects of mutation with cell wall synthesis inhibitors upon 
the morphology and productivity of Saccharopolyspora erythraea. 
1.7.6 Mechanisms for branch formation 
The actual mechanism for branch formation in prokaryotes is unknown. In fungi, 
it involves wall turnover by chitinase, creating an area of weakness, which then 
forms a bud, consequently developing into a branch (Trinci et al., 1997). A 
suitable analogue for the role in peptidoglycan-based or murein cell walls is 
lysozyme. From the results of Wardell and Bushell (1998) it could be assumed 
that branch formation rate is a result of fluxes of peptidoglycan skeleton and 
branching factor to the site of wall assembly. 
The effect of chitin synthase (genes chsB and csmA), in the fungus Aspergillus 
oryzae has been investigated (Müller et al., 2003). Their work indicated that 
there was the possibility of generating of an enhanced morphology by alteration 
of genes involved in the chitin synthesis pathway, the fungal equivalent to the 
peptidoglycan synthesis pathways in the Streptomyces. 
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1.8 Medium Composition 
Michaela de Vial 
Within industrial bioprocesses cheap, readily available, unrefined nutrient 
sources are preferentially utilised as medium for microbial growth therefore 
maximising eventual profits by keeping raw material costs low. Common sources 
include soybean flour, soybean meal, soybean grits, starch, soybean and other 
vegetable oils. 
1.8.1 pH 
pH change could be a critical aspect to elongation within bioreactors. S. 
akiyoseiensis in submerged culture a pH5.5 in initial medium resulted in a more 
dispersed mycelial growth in initial inoculum (Glazebrook et al., 1992). 
Wainwright et al. (1993) investigated the effect of pH upon the morphology of 
fungal broth cultures. Spores used for the inoculation undergo differing 
interactions with medium at different pHs Within fungi it was observed that high 
pH results in a more pelleted morphology, whilst low pH induces formation of 
free filamentous fragments. However this is not evident within actinomycetes 
grown in lab culture. Initial pH was pH6.8 - pH6.9 within complex 
fermentations, and resulted in good filamentous non-pelleted growth. This was 
observed both in shake-flask and bioreactor cultures. 
1.8.2 Nitrogen Sources 
In defined medium, nitrogen sources have been investigated by Lee et al. (1994) 
with respect to growth of Nocardia mediterranei. Two different sole nitrogen 
sources (NH4)2SO4 and KNO3 were used. Findings revealed that the organism 
underwent greater branching with extension at each tip in (NH4)2SO4 and, 
eventual lysing and fragmentation towards the end of the experiment. Rifamycin 
B production ceased with commencement of mycelial lysis. In the KNO3, the 
culture underwent far slower growth which was maintained until the end of the 
culture, mycelia were less branching, with lysis not seen until the end of the 
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batch run. Rifamycin B production was also higher and sustained until no 
glucose remained in culture medium. 
Warren et al. (1995) used insoluble nitrogen and carbon sources in liquid 
cultures, the three actinomycetes grown demonstrated a departure from 
Newtonian to non-Newtonian behaviour over the time course of the batch 
culture. It was observed that there was a slight hyphal increase up to 60 hrs into 
fermentation, mycelia were relatively short, the mean main hyphal length was 
used throughout, however, this never exceeded 25 µm. This could be due to the 
size of the impeller blades preventing the formation of longer hyphae, via shear 
forces. Impeller diameter was 100 mm in a 200 mm diameter vessel, "standard" 
set-up for an impeller is usually a 1: 3 rule. The increased shearing with this 
larger impeller system, run at 800 rpm, comprised of two six-bladed Rushton 
turbines may have "diced" the hyphae into smaller units. 
1.8.3 Phosphate sources 
Glazebrook et al. (1992) noted that an increase in phosphate concentration from 
0.5 to 15mM generated a decrease in clump formation in Streptomyces 
akiyoshiensis in submerged culture. 
1.8.4 Oil Addition 
Oil is used in industrial bioprocesses due to its properties as antifoam, and an 
additional nutrient source, utilised during late exponential phase and stationary 
phase maintenance of organism growth. 
In the case of S. erythraea, lipase is cell surface associated (lipase 3.1.1.3 
triacylglycerol acylhydrolase). Complete dispersion of the liquid medium is 
essential to maximise the efficiency of the membrane associated enzyme, 
therefore rheology has a major impact upon the mixing characteristics of the 
fermentation broth within the vessel. The filamentous nature of the fermentation 
in addition to the oil results in added complications for mixing, increased 
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viscosity and changing behaviour of the fluid. If the fluid becomes highly 
viscous, there is increased difficulty in enabling a high enough shear to maintain 
a smaller oil droplet size therefore maintaining a greater available surface area 
for interface between oil and the aqueous layer/ membrane bound lipase. 
Cavanagh et al. (1994) observed that oil was consistently in excess, that the 
limiting factor was actually the membrane-associated lipase during bioreactor 
cultures of S. clavuligerus. 
Oil uptake is dependent upon the engineering aspects of fermentation and the 
ability of the stirred batch to enhance oil mass transfer and interaction between 
oil droplets and membrane associated lipase. Media composition also has an 
impact upon these aspects, within the same study Cavanagh et al. (1994) found 
that the addition of soy flour at 1% w/v caused a coalescence of oil droplets 
therefore also decreasing available surface area of the oil. 
1.8.5 Addition of polymeric substances 
Trinci (1983) investigated the incorporation of high molecular weight poly- 
anionic substances into the culture medium of Aspergillus niger to induce 
dispersed filamentous growth. The assumption was that addition of these 
substances would induce electro-static repulsion between the individual spores 
and filaments, which are positively charged, preventing any aggregation and 
therefore resulting in a more dispersed and homogenous growth of culture. This 
was also investigated in S. lividans and S. coelicolor (Hobbs et al. 1989). A ten- 
fold increase in dispersed growth resulted from the addition of less than 1g L-1 
of charged polymers. These were agar; Junlon and Carbopol. PEG6000, an 
uncharged polymer, required a far greater concentration (20 g'L-1) to affect the 
degree of dispersion by only 0.2. This illustrated that although initial medium 
viscosity contributed to dispersed growth, a far more effective way of controlling 
viscosity is through the parameter of electrostatic repulsion. It was noted that 
pellets present became looser and smaller in diameter, however this may also be 
due to the loose exterior fragments being more susceptible to the increased shear. 
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1.8.6 Addition of Divalent Cations 
The addition of metal ions to medium and the impact upon morphology, although 
at a more macromolecular level, has been investigated. Magnesium at 
concentrations of greater than 0.2 mM in medium encourages formation of 
pellets, inhibition of growth and a decrease in overall biomass (Okba et al. 1998) 
They further investigated the impact of bacitracin and Mg 2+ on submerged cells 
using S. niveus. Addition of bacitracin caused a movement towards dispersed 
mycelia. This is as predicted from the results of Bushell et al. (1998), where 
bacitracin resistant mutants demonstrated an increase in branching frequency, 
therefore one would determine that the addition of this antibiotic to medium 
would result in a decrease in branch rate due to the inverse effect upon the cell 
wall. 
Analysis of the experiments indicated that when magnesium, calcium and zinc 
were added to the medium up to a concentration of 0.2 mM there were no pellets 
observed in the submerged culture. When this was increased, Mn2+and Zn 2+ at 
higher concentrations of 2 mM and 10 mM demonstrated no growth. The 
suppressive effect of a high concentration of bacitracin (80 µg ml-1) was 
counteracted by the addition of a high concentration of Mgt+. Apart from a long 
lag period observed in 2 mM Mg 2+ and bacitracin the growth profile and optical 
density (biomass concentration) were very similar to those observed at 0mM and 
0.2 mM Mg 2+. Low Mg2+ addition results in free filamentous growth with no 
pellets whereas an increase in the concentration of Mg 2+ ions could produce an 
increase in pellets. 
1.9 Genes associated with morphological differentiation 
Microarray analysis was performed on samples from both batch and chemostat 
cultures exhibiting different branching frequency in order to highlight associated 
genes. 
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The genes involved in the peptidoglycan biosynthesis pathway (Section 1.7), 
and the possible role of lysozyme as (Section 1.7.6) formed the initial focus 
considered in the analysis of the morphology of the experiments conducted. 
The following sections list some possible genes or family of genes which could 
possibly be of interest which are associated with morphological differentiation. 
1.9.1 ReIA and spoT 
(p)ppGpp has an important role in secondary metabolism and morphological 
differentiation in Streptomyces sp. relA and spoT. (p)ppGpp accumulation is one 
of the first responses to a "nutritional downshift" (Wook et al., 2004), therefore it 
has been used as an indicator for a change in metabolism and differentiation. 
ReIA is responsible for the synthesis of ppGpp under conditions of amino-acid 
limitation, it was found to be required for morphological and physiological 
differentiation in S. clavuligerus. Wook et al. (2004) concluded that under 
amino-acid limitation ReIA directs stringent response of S. clavuligerus and 
ppGpp released upon starvation results in initiation of pathways essential for 
morphological and physiological differentiation. Chakraburtty et al. (1997) had 
earlier investigated the role of this gene in S. coelicolor A3(2), the deletion of 
relA resulted in a S. coelicolor mutant defective in the production of actinorhodin 
and undecylprodigiosin under nitrogen limitation. There were also changes in the 
colony morphology, the micro-organism displayed a long lag time before onset 
of morphological differentiation, which was not strongly entered into. ReIA 
deficient mutants continued to grow vegetatively and radially upon nitrate 
limited medium long after cessation of radial growth and initiation of aerial 
mycelium and sporulation by the wild type S. coelicolor A3(2). This would make 
relA an interesting target to consider when carrying out genome wide 
transcriptome analysis of S. coelicolor. 
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1.9.2 Div genes and Fts genes 
Michaela de Vial 
DivIVA has been investigated by Flärdh (2003). This is equivalent to SC02077, 
during his investigation he connected hyper-branching in S. coelicolor A3(2) to 
this protein homologue of Bacillus subtilis DivIVA. This has been found to be 
essential to tip growth and morphogenesis. This gene has also been identified as 
being present and of similar significance in brevibacterium and also 
mycobacterium, another member of the Actinobacteria. 
DivIVB, a protein homologue of FtsQ (S. coelicolor), has been theorised by 
Harry et al. (1993) to determine the frequency of division within B. subtilis. 
McCormick and Losick (1996) demonstrated that ftsQ is not required for growth 
and viability of S. coelicolor, however, it is required for the formation of spores 
from the aerial mycelium. Therefore it is not an essential gene but can be 
dispensed of with respect of vegetative growth. 
Other proteins to be investigated include FtsZ, (homologue of tubulin rings 
which form at cell division sites), MreB and ParM (the actin filaments), and 
crescentin which may represent intermediate filaments. Another associated target 
could the penicillin binding proteins (PBPs) which catalyse peptidoglycan. 
FtsZ was one of the genes targeted in the work of van Wezel et al. (2000) upon 
S. coelicolor M145, who demonstrated that over-expression of the gene by use of 
the ermE* promoter results in inhibition of aerial mycelium formation, and the 
presence of multiple copies of the gene upon the genome blocked sporulation. 
Over-expression of the same gene within S. lividans 1326 resulted in a lack of 
morphological differentiation. This gene, like ftsQ, is dispensable for growth and 
viability in S. coelicolor - the null mutant does not possess any cross-wall 
formation, vegetative growth continues unhindered without. 
The use of fluorescent vancomycin staining within B. subtilis for identification of 
rod shaped proteins has been utilised by Daniel and Errington (2003), also by 
Flärdh (2003) in his investigation of branching in S. coelicolor. Fluorescent 
labelled vancomycin became localised by binding to incomplete areas of 
-38- 
PhD Thesis 2008 Michaela de Vial 
peptidoglycan where the secondary layer of peptidoglycan had not been cross- 
linked to the first and was therefore incomplete. This occurrence is therefore 
mainly associated with areas of branching points, or hyphal extension. 
1.9.3 ssgA and ssgB 
ssgA and associated proteins are implicated in the aerial hyphae formation, 
septation and sporulation of surface grown actinomycete (Streptomycete) 
cultures. Van Wezel et al. (2000) investigated the role of cell division genes on 
the morphology and antibiotic production of the Streptomycetes both in solid and 
liquid grown cultures. SsgA was shown to clearly demonstrate an increase in the 
frequency of septum formation in SsgA over-expressing mutants in comparison 
to the wild-type S. coelicolor. Morphology obtained in liquid culture 
demonstrated the formation of irregular septa within the hyphae, generating 
spore-like compartments. Van Wezel et al. (2000) determined that SsgA could 
therefore induce sporulation in submerged conditions within strains that would 
not normally sporulate in liquid culture. 
Noens et al. (2005) investigated fully the role of the ssgA like proteins (SALPs), 
including the alternative ssg genes ssgC to ssgG. There was no difference in the 
vegetative cell wall structure of mutants grown on solid medium, and the cultures 
retained the ability to sporulate. However when forming spores, these were no 
longer regulated and produced irregular spores, occurring as both chains of 
spores and single spores. These have therefore been included within the genes of 
interest as they influence the septation upon this medium. 
SsgA and ssgB null mutants produced a smaller number of spores and white non- 
sporulating cultures respectively (Keijser et al., 2003). They have been assumed 
to be Whi genes that encode structural proteins. 
1.9.4 Bld and whi 
Bld genes are responsible for the initiation of aerial mycelium formation. Whi 
mutants permit formation of aerial mycelium yet do not turn grey as they do not 
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form spores. Bld and whi mutants which exhibit morphological differentiation 
upon solid medium could also demonstrate enhanced branching within liquid 
culture (Wildermuth, Wehrli and Home (1971), Hopwood and Glauert (1961)). 
The presence of normal cross walls in vegetative mycelia within whi mutants 
(e. g. whi46 mutant) provided confirmation that whi (sporulation) genes code 
differently to form cross walls and sporulation septa, indicating the same genes 
are not responsible for both functions upon solid or in liquid culture. Their 
findings suggested that something other than the whi genes are responsible for 
the branch formation in the vegetative growth stages in liquid culture. However, 
irrespective of this whiB-like (wbl) proteins have been included as of interest 
following the results of Solveri et al. (2000). 
1.9.4.1 WhiB-like proteins 
WhiB is essential for sporulation of aerial hyphae, this was identified (Davies and 
Chater, 1992, Soliveri et al., 1996) as a regulatory gene in the spore development 
of the Streptomyces. It was discovered by the use of specific probes that multiple 
whiB-like genes are present in S. coelicolor (Soliveri et al., 2000). 
Transcriptional evidence was required to determine if wbl genes were transcribed 
in liquid culture. RNA evidence backed up by RT-PCR using specific primers 
resulted in a predicted product therefore proving that they were transcribed. 
Ten actinomycete species representative of different genera have been shown to 
contain close homologues of several wbl genes. This suggests that this family of 
genes has been conserved throughout evolution of the actinomycetes. Whi-B like 
proteins were not found to be restricted to the more complex species but were 
also evident within more morphologically simple, vegetative species (Soliveri et 
al., 2000). The results of the investigation into the presence of whi gene 
homologues within the mycobacteria indicated five products - named whmA to 
whmB - orthologues of the whm (whi 
homologous genes in Mycobacteria). 
WhiB-like proteins are predicted to be integrated into the cytoplasm. Small 
proteins, they are overall negatively charged - however there is a region of 
positive charge near the carboxy termini. The protein structure has conserved 
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hydrophobic features plus four cysteine residues, these are evident on one face 
and non-conserved on another. The orientation suggests that the hydrophobic 
face may interact with other proteins, whilst the hydrophilic face interacts with 
other molecules within the cytoplasm. 
The conserved turn region, between the two most c-terminal a-helical regions, is 
theorised as a suitable target for interaction with other conserved components 
within the cell such as RNA polymerase. The four conserved cysteines suggest 
sensitivity of the wbl proteins to redox changes either directly in the form of 
disulphide bond formation or through a bound metal atom. 
The wbl proteins are included as an area for investigation due to the presence of 
homologues within the vegetative non-sporulating genera of the Mycobacteria. 
This could suggest that these genes may also be conserved within vegetative 
growth of the Streptomyces and Saccharopolyspora broth cultures. 
1.9.5 Comparison of genes important in fungal morphogenesis 
The main group of proteins involved in the differentiation of the fungi are the 
hydrophobins which have proven to fulfil multiple tasks. They have been found 
to complete the roles within the fungi that within the actinomycetes require 
several different groups of proteins. Firstly, the hydrophobins perform the 
functions of the adhesins, permitting the escape of aerial structure from the 
aqueous environment by acting as a surfactant, within the actinomycetes this role 
would be performed by sapA or sapB. The attachment of the hyphae to surfaces 
and structures which are hydrophobic would also be carried out by the 
hydrophobins in fungi, rodlets or rodleins in actinobacteria. Finally the growth of 
the hyphae and extension in the aerial environment would also be carried out by 
the hydrophobin proteins. The chaplins are responsible for this within the 
actinomycetes - primarily in Streptomyces coelicolor (Claessen et al. 2003). 
In essence, the fungal hydrophobins manage to perform all of the tasks that are 
also required by the actinomycetes for the generation of aerial mycelia. This is 
essential for the survival of these spore forming cultures. Some of the functions 
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carried out by this protein may also be relevant to affecting morphology in liquid 
culture as the organism undergoes morphological differentiation over the time 
course in batch culture, therefore comparable genes in S coelicolor have also 
been included. 
1.9.5.1 sapB 
SapB, the so called surface associated protein B (Guijarro et al., 1988) is one of 
the proteins involved in the erection of aerial hyphae in the Streptomycetes. This 
has been found to be produced on sporulation structures of Streptomycetes 
grown upon rich medium, although an alternative pathway appears to be utilised 
during growth on minimal mannitol containing carbon limited medium. It is 
utilised as a surfactant, lowering surface tension between the air and water 
interface. This allows for the growth of aerial mycelium, enabling erection of the 
hyphae at the interface, but does not have an involvement in the alteration of the 
hydrophobicity of the hyphae, encouraging attachment to surfaces or to extension 
into the aerial environment. There has not been a gene coding for SapB, 
identified to date, but expression seems to depend upon the activity of bld genes. 
Within the works of Willey et al. 1999, it was stated that all bld mutants have 
impaired SapB production. The use of surfactants may be relevant to the 
elongation of hyphae within the soil, facilitating transport between soil particles. 
As this is associated with differentiation also, sapB has been included as a target 
of interest. 
1.9.5.2 Rodlet Proteins - RdIA and Rd1B 
Wildermuth, Wehrli and Home (1971), Hopwood and Glauert (1961) identified 
the presence of a superficial fibrous sheath over the outer surface of aerial 
hyphae and spores. These were later characterised as paired rodlets which then 
formed a "basketwork" pattern. 
This "basketwork" referred to by Glauert and Hopwood (1961), as noticed in 
Streptomyces coelicolor (S. violaceoruber within the article) is the assembled 
formation of the rodlein protein RdIA and Rd1B on the surface of spores and 
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aerial hyphae. These two genes in addition to sapB have been implicated in the 
formation of this fibrous sheath, as discussed earlier, hydrophobins in fungi have 
been found to perform the same task. 
Expression of the genes are associated with the formation of aerial hyphae and 
hydrophobic surface adhesion. According to the investigations of Claessen et al. 
(2003) the loss of these proteins (Rd1A and Rd1B) does not result in altered 
growth of aerial hyphae or the hydrophobic properties of the aerial structures. 
1.9.5.3 The chaplins - chpA-H 
The chaplins are a family of secreted hydrophobic proteins which have been 
found to be only involved in rendering aerial hyphae hydrophobic thus far 
(Claessen et al., 2003, Elliot et al., 2003). They form a surface layer upon aerial 
surface structures and this layer is proven to be important in the growth and 
formation of aerial hyphae. These aerial mycelial proteins, contain a 40 amino- 
acid residue region specific to the chaplins. These proteins are allocated with the 
identities of ChpA, B, C, D, E, F, G and ChpH. The first three chaplins are 
longer, ChpA, B, C and contain two chaplin domains (as described above) and a 
C-terminal area designated for the sortase enzyme. Peptidoglycan is a target for 
the sortases, which are attached to the longer peptide chaplins. The shorter 
chaplins (Chaplins D to H) then heteropolymerise to the longer chaplins attached 
to the peptidoglycan to form a hydrophobic "sheath" covering the aerial mycelia. 
1.9.5.4 Sortase enzymes 
Sortases have been indicated as elemental with respect to the arrangement of the 
cell wall (Marraffini et al., 2006). They appear to cleave between the threonine 
and glycine of the peptidoglycan allowing covalent attachment at the carbon 
terminal end of the target protein. This region between the 2nd chaplin domain 
and the possible sortase recognition site is proline rich and coiled, which was 
suggested by (Fischetti et al. 2000) to be the likely peptidoglycan spanning 
domain and is therefore important in determining the characteristics of cell wall. 
The sortases recognise the transpeptidase region and mediate attachment (see 
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section 1.9.5.3) between the glycine cross-bridge of the peptidoglycan and the 
target protein. 
1.10 Aims and Objectives of this PhD 
The following aims and objectives were set to guide the course of this 
investigation into causes and effects of altered hyphal branching of Streptomyces 
coelicolor and Saccharopolyspora erythraea in liquid culture. 
Batch cultures were set up in order to produce an increase in hyphal growth unit 
in small-scale bioreactors, that would replicate the observations noted over the 
time-course of industrial S. erythraea batch fermentations. This has a negative 
impact in industry due to a decrease in secondary metabolite productivity caused 
by filament breakage. 
Image analysis was performed in order to elucidate the pattern of branching over 
the time course of the batch culture of S. erythraea, when grown in a complex 
medium. Once this had been established it was then necessary for microarray 
experiments to differentiate between the different nutrient uptake and to also 
establish and identify the nutrient in defined limited media that exacerbates the 
differentiation (change in hyphal growth unit) in filamentous growth of S. 
erythraea. Viscometric and rheological analysis were performed on samples 
from these experiments, in order to examine the correlation between rheological 
profile and branching rate, and its effect upon productivity. 
The above experiments were repeated in order to ascertain whether the 
equivalent pattern of branching, as seen in industrial strains of S. erythraea, 
could be observed over the time course of a batch culture of S. coelicolor, a 
model organism that is well characterised, within the Actinobacteria. 
In order to elucidate the role of the peptidoglycan synthesising enzyme steps in 
the formation of branches, the ability to alter branching rates was required. One 
approach used was mutation of S. coelicolor FC1through exposure to 
peptidoglycan synthesis inhibitors, in order to generate mutants with altered 
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branching frequency (as had been achieved in S. erythraea cultures). The 
antibiotics chosen were tunicamycin and bacitracin. Resistance to these had 
proven to produce the greatest difference in branch rate and torsional strength in 
S. erythraea NRRL 2338 (Wardell et al., 1999). Comparison with the wild-type 
should enable conclusions to be drawn to the role of the peptidoglycan 
synthesising enzyme steps in branching. 
To determine any possible gene deletions resulting from the mutation that may 
have influenced branching of peptidoglycan inhibitor-resistant S. coelicolor 
mutants, analysis of the gDNA in comparison to S. coelicolor strains (such as 
FC 1 and M 145), was undertaken using oligo-microarrays. 
Growth rates have been related to hyphal growth unit length (Trinci et al., 1974, 
Kretschemer, 1971). To generate reproducible branching rates generated by 
different growth-rates, continuous culture was used with a defined medium. 
Theoretically there should be a direct relationship between branch-rate and 
growth-rate i. e. increased branch-rate at high growth-rates, and decreased 
branch-rate at lower growth-rates. Transcriptome analysis of the different 
branching states obtained at high and low dilution rates in chemostat culture of S. 
coelicolor FC I is was performed in order to identify the genes involved in 
branch formation. 
In order to investigate the effect of alterations in fluxes in the peptidoglycan 
biosynthesis pathway on branch rate, the effects of addition of peptidoglycan 
synthesis inhibitors, at sub-lethal levels, on the branch rate of S. coelicolor FC 1 
branch-rate in chemostat culture were examined. 
The objective of this set of experiments was to facilitate the identification of 
genes associated with branch formation, when considered in combination with 
the microarray analysis.. Ultimately, such a list could provide appropriate targets 
to up-regulate or delete, to alter culture viscosity and branch rate. 
-45- 
PhD Thesis 2008 
2. Materials and methods 
2.1 Organisms of Interest 
Michaela de Vial 
Strain Source Features 
S. erythaea 1 MS31-3 Abbott Laboratories, Highly efficient 
Chicago erythromycin A producer 
with dispersed mycelia 
S. coelicolor M145 Surrey Microarray Well characterised S. 
Facility, c/o John Innes coelicolor strain. 
Institute 
S. coelicolor FC 1 Microbial Physiology S. coelicolor M 145 
Laboratory, University dispersed phenotype 
of Surrey. (Thesis, achieved through 
Williams, 2000) selective chemostat 
pressure 
S. coelicolor FC 1 tunr Microbial Physiology Mutation of S. coelicolor 
Laboratory, this thesis. FC 1 to tunicamycin 
produced a less 
frequently branched 
dispersed mycelia. 
S. coelicolor FC 1 bacr Microbial Physiology Mutation of S. coelicolor 
Laboratory, this thesis FC 1 to bacitracin 
produced more 
frequently branched 
dispersed mycelia. 
Table 1: Organisms utilised throughout experiments 
Various strains of two species of Actinobacteria were utilised during the course 
of experiments. Saccharopolyspora erythraea strains were provided by Abbott 
Laboratories, Chicago. The Streptomyces coelicolor strain used was a 
filamentous phenotype isolated at Surrey (Williams, PhD thesis, (2000)). This 
was preferentially used in chemostat experiments as genetic information on S. 
coelicolor is readily available with microarrays specific for that organism. 
Cultures were stored as frozen stocks (see section 2.2.3) 
2.1.1, S. coelicolor FC1 - filamentous phenotype 
A filamentous mutant generated for a more versatile and accurate assessment of 
Streptomyces coelicolor physiology (Williams, PhD thesis, (2000)). Filamentous 
organisms grow more quickly and to greater biomass concentrations than 
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pelleting forms due to fewer constraints, such as mass transfer limitations, being 
imposed upon them. 
The growth of pelleted cultures was initially described in fungi (Trinci 1970) by 
the cube root law: 
Equation 1. Growth of pelleted cultures - the cube root law 
`Xt)1/3 =kt + (X0)1/3 
xt = biomass concentration at time t 
xo = initial biomass concentration 
k= linear growth constant 
The relationship between culture specific growth rate, apical growth rate and 
mean branching and therefore hyphal growth unit can be expressed as follows: 
Growth of filamentous organisms, has previously been studied by Kretschemer 
(1981). Hyphal growth unit size was affected by growth rate, mean apical growth 
rate correlated to growth rate and increased up to a saturation point, whilst mean 
branching continued to increase. 
When described using specific growth rates (Bushell, 1998): 
Equation 2. Specific growth rates and filamentous growth 
µ=dx .1 dt x 
and therefore 
µ2=a. ß 
The total length of the hyphae per culture volume is proportional to x (cell 
concentration), and the apical growth rate is equivalent to the growth rate 
multiplied by the hyphal growth unit. 
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The basis of the experiments performed in chemostat was that the HGU would be 
unaffected when in steady state, due to the previous predictions. 
Due to the filamentous nature of S. coelicolor FC 1 it grows much faster from the 
onset than S. coelicolor M145, therefore initial inoculum time in GG 1 and within 
the defined medium inoculum were reduced (see section 2.3.1). 
2.1.2 Mutants of S. coelicolor FC1 
From the results of Wardell et al. (1999), it could be seen that the use of 
antibiotics active against the cell wall components could be utilised to generate 
mutants of S erythraea NRRL 2338, in which the frequency of branch formation 
was manipulated, in addition to altering the tensile strength of the mycelium. 
Tunicamycin and bacitracin resistance resulted in the greatest difference in 
hyphal growth length in comparison to the wild type S erythraea NRRL 2338, 
therefore resistant to these were chosen for S. coelicolor. 
S. coelicolor FC 1 mutants, resistant to bacitracin and tunicamycin were produced 
following growth of the organism on solid medium (SFM agar - Appendix 1) 
with progressively increasing concentrations of the cell wall inhibitor antibiotics 
added. This was repeated, with re-platings of colonies obtained with each 
concentration of antibiotic, gradually increasing this until mutants resistant to the 
following concentrations 10 mg L-1 (bacitracin) and 1 mg L-1 (tunicamycin) were 
obtained. Repeated platings throughout batch and chemostat culture were 
performed to ensure that the resistance was conserved. Initial indicative MIC 
values had already been achieved via growth in nutrient broth with various 
concentrations of the cell wall biosynthesis inhibitor antibiotics tunicamycin and 
bacitracin. 
The peptidoglycan inhibitor-resistant S coelicolor mutants, to the antibiotics 
bacitracin and tunicamycin, should be grown in batch culture and parameters 
obtained, as above, to deduce differences with the wild type, enabling us to draw 
conclusions as to the role of the peptidoglycan synthesising enzyme steps in 
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branching. These will then also be grown in chemostat to generate a definitive 
difference in the rate of branching irrespective of any changes in environmental 
conditions within the bioreactor. 
2.2 Procedures for generation of frozen stocks 
2.2.1 Germination 
Lyophilised samples of S. erythraea 1 MS31-3 (provided courtesy of Abbott 
Laboratories, Inc. ) were resuspended in 0.85 % v/v sterile saline solution. These 
were then grown in liquid culture, 25 ml of medium in 250 ml Erlenmeyer flasks. 
These were incubated at 30 °C and 250 rpm for 24-30 hours until there was 
indication of spore germination when viewed with the microscope. 
The germination medium had the following components, Difco Soytone 10 g L-1, 
3-[N-morpholinol] propanesulphonate (MOPS) free acid 2.1 g L-1, antifoam 100 
µl. This was made up to 1 litre with tap water, with no pH adjustment as per 
industrial parameters (Abbott personal communications). Pre-sterilisation pH 
was 6.7. 
2.2.2 Growth of Germinated Spores in Master Stock Medium 
A complex master stock medium comprised of starch, glucose, and yeast extract 
as the main components was used for enrichment of the culture. The recipe for 
the master stock medium was provided by Abbott Laboratories, Chicago. 
50 ml of master stock medium were transferred to 250 ml Erlenmeyer flasks, 
each containing a triangular stirrer bar. 1 ml of germination culture was used as 
an inoculum, the flasks were then incubated at 30 °C until the optical density at 
600 nm fell between 6 and 8. Flasks were combined aseptically and the culture 
aliquotted in volumes of 800 µl into cryotubes containing 200 µl glycerol as a 
cryo-protectant. These were then stored at -80°C. 
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2.2.3 Preparation of Working Cell Banks - Plugs 
S. erythraea (strains CA340 and I MS-31-3), was inoculated into 30 ml nutrient 
broth (Oxoid, CM0001) in 250 ml Erlenmeyer flasks containing a triangular 
stirrer bar. This was incubated at 30°C for 24 hours before spread plates were 
prepared, inoculated using 100 gl of the culture were prepared. The agar used 
was Tomato Baby Food Agar, (Milupa® baby cereal with apple 20 g L1, 
concentrated tomato puree 20 g L1, agar (Oxoid, Agar No. 1) 20 g Ll. pH was 
adjusted to 7.0 using 5M NaOH, prior to autoclaving (Lynch, 1995) 
S. coelicolor strains were inoculated into 30 ml GG1, in 250 ml Erlenmeyer 
flasks containing a triangular stirrer bar. This was incubated for 24-48 hours at 
30°C. Spread plates of SFM agar (Appendix 1)were inoculated using 100 µd of 
the culture. 
Spread plates were incubated until the surface was covered with thick, grey, well 
dispersed, sporulating hyphae. Plugs were cut in the agar with an inverted 1 ml 
pipette tip. Three plugs were picked using a sterile toothpick, and placed into a 
1.5 ml cryotubes each containing I ml of Brain heart Infusion broth (Sigma) 
prepared with 20 %v/v glycerol as a cryo-protectant. Plugs were then stored at - 
80 °C. 
2.3. Preparation of Erlenmeyer Flasks 
Erlenmeyer flasks were prepared with a bung closure composed of folded non- 
absorbent cotton wool and a cap of autoclave paper was taped over this to 
prevent condensate penetration during autoclaving. 250 ml flasks contained no 
more than 50 ml medium and 500 ml flasks contained no more than 100 ml 
medium; more than this could result in oxygen and mass transfer limitations 
when stirring or shaking. Triangular stirrer bars were utilised throughout 
experiments when stirring was required. The unique shape resulted in the 
maintenance of a more homogeneous and less pelleted culture by grinding and 
crushing any pellets or large clumps formed in the flask. 
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2.3.1 Inoculation of Erlenmeyer Flasks 
Michaela de Vial 
One cryotube containing 3 discs of agar with sporulating culture, was inoculated 
into each stirred Erlenmeyer containing either Nutrient Broth (Oxoid CM0003) 
for S. erythraea cultures or GGl (see Appendix for formulation) for S. coelicolor 
FC 1. These were incubated at 30 °C, 250 rpm for 24 hours. S coelicolor FC I 
was then sub-cultured into GYB (see Appendix for formulation) for a further 24 
hours under the same conditions. 
The S. erythraea culture could then be inoculated from the nutrient broth directly 
into the designated cultivation medium i. e. defined phosphate-limited, grown for 
a further 24 hours under the same conditions and this flask used to inoculate the 
experimental Erlenmeyer flasks (baffled, stirred or plain dependent upon 
experiment), also containing defined phosphate-limited medium. Inoculation 
values were 1 %v/v inoculum for soluble complex medium and 5 %v/v for 
defined medium. 
S. coelicolor FC1 cultures were inoculated from GG1 in the designated 
experiment culture medium, grown for 24 hours as above, and then used to 
inoculate the experimental Erlenmeyer flasks. 
2.4 Preparation and Inoculation of Bioreactors 
A "Voyager" bioreactor (Advanced Biosystems, UK Ltd) was used with a2L 
glass vessel (Figure 13). Standard operating parameters for S. coelicolor in 
defined medium were 1000 rpm, 1 v/v air sparged into the vessel, 30°C, pH 
control to 7.0 with 0.5 M HCl and 0.5 M KOH. Initial standard operating 
parameters for S. erythraea in soluble complex medium were an initial 
temperature of 33 °C, ramping down to 31 °C after 24 hours, 1250 rpm and no pH 
control. These parameters were established previously (Abbott Laboratories, Inc. 
and Wardell. J. N., personal communications). However after the initial batch 
runs experiments were completed it became apparent that S. coelicolor, which 
was to be used as the "model" organism, could not control its pH in the same 
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manner as S. erythraea and experienced large fluctuations in pH and lysis. Batch 
cultures of S. erythraea were subsequently repeated with pH control, at 30 °C, to 
ensure continuity between experiments. 
The impeller configuration was decided upon for optimal mixing by the 
operation of test batches and from results of literature (Heydarian et al. 1999, 
Buckland et al. 1987, Düsten et al. 1996), A pitched blade impeller draws the 
culture down though the centre of the vessel, enabling good turnover at the top of 
the vessel, whilst the Rushton turbine ensures good aeration further mixing and 
by breaking up air bubbles. 
Approximately 40 ml of culture was removed at each sample point for biomass 
determination, RNA extraction for microarrays, antibiotic production, nutrients, 
viscosity and morphological analysis. 
Airflow was controlled via a Mass Flow unit (Advanced Biosystems, United 
Kingdom) linked to the fermentation controller. Output air was analysed using 
Tandem Gas Analysers (Magellan Instruments Ltd), calibrated for detection of 
carbon dioxide and oxygen. 
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Figure 13. The culture vessel was a 2-Litre glass cstr (Advanced Biosystems, UK Ltd). 
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Figure 14. Impeller configurations for optimal mixing (not to scale). 
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2.4.1 Chemostat Culture 
Michaela de Vial 
The same vessel with the above impeller configuration was used for the 
chemostat cultures. The medium utilised for the chemostat continuous culture 
was the defined phosphate medium (Williams, R. S., PhD thesis, 2000), altered 
for chemostat use (Appendix 1). This medium was identified during earlier work 
in batch culture, as being the best medium for the production of well dispersed, 
easily reproducible, filamentous S. coelicolor FC 1. This was different to the 
carbon limited chemostat culture that was initially used to isolate FC I from the 
wild type S. coelicolor M145 during the thesis of Williams (2000) Carbon 
limitation in earlier flask cultures of FC I generated a large number of thickened 
more highly branched phenotype undesirable for this study. 
Chemostat culture was used to generate biological replicates for microarray 
analysis of S. coelicolor FC I samples of different branching rates, and also to 
identify reproducibility of results obtained from more strictly controlled 
environmental conditions using continuous culture. 
2.4.2 Chemostat Culture - an explanation 
The term chemostat refers to a continuous culture system whereby growth of the 
culture is controlled by the availability of an (essential) nutrient within the 
medium. The experiments were initiated with a batch culture which was allowed 
to achieve maximum growth rate prior to the commencement of continuous 
culture. 
Chemostat culture allows the control of growth rate and nutrient uptake rate by 
the adjustment of the flow of medium into the vessel, of a known working 
volume. The knowledge of these values can be used to calculate the dilution rate 
- which is equivalent to growth rate under steady state conditions 
(Pirt et al., 
1975). 
Dilution rate (D h-) = Flow rate (F) L h-1 
Working Volume (V) L 
Equation 3: Dilution rate in chemostat culture (Pirt et al., 1975) 
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From the results of Wardell et al., (2002) the key dilution rates for influencing a 
significant difference in branch rate were 0.04 h-' and 0.1 h-1. These were 
therefore used as a comparative guideline for these experiments, as these 
demonstrated a notable difference in the rate of hyphal branching or length of 
hyphal growth units. 
2.5 Experimental Assays 
2.5.1 Antibiotic bioassay for erythromycin 
Acinetobacter citreus was used as the challenge organism in a bioassay for 
erythromycin. It was maintained on Nutrient Agar (Oxoid CM0003) slants at 
4°C, and re-plated/streaked every 3 months. 
For the assays a loop full of culture was inoculated into 25 ml Nutrient broth 
(Oxoid CM0001), this was incubated for 24hours in a 250 ml Erlenmeyer flask at 
30 °C and 160 rpm 2' throw. For one assay plate, 250 ml of molten Nutrient Agar 
(Oxoid CM0003) were cooled to 40 °C, and inoculated at 0.5 % v/v with the 24 
hour culture. This was mixed by rolling and inverting gently before pouring into 
the bioassay plate (NuncTm), and allowed to set. 
Prepared plates were refrigerated for 1 hour before 36 x8 mm diameter holes 
were punched into the agar using a vacuum driven hole puncher. Standards and 
samples were pipetted into the wells as indicated on the Latin Square (Figure 15). 
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Test 2 Test 3 12 mgL-1 20mgL-1 Test 1 16 mgL- 
i 
0 mgL-1 Test 4 4 mgL-1 Test 6 8 mgL-1 Test 5 
Test 3 Test 2 20mgL-1 12 mgL" 16 mgL- Test 1 
1 1 
8 mgL-1 4 mgL-1 Test 6 Test 4 Test 5 0 mgL-1 
Test 1 20mgL-1 Test 2 16 mgL- 12 mgL- Test 3 
1 1 
4 mgL-' 0 mgL"1 Test 4 Test 5 Test 6 8 mgL-1 
Figure 15. Layout of the Latin Square, a template used for mapping sample positions in wells. 
This test permits triplicate test and standard samples of each concentration to be assayed. 
Assay plates were incubated for 24 hours at 30 °C. The zones of inhibition were 
measured in diameter and recorded. If the zones were indistinct, plates were left 
for a further 24 hours at room temperature until clear visible zones were 
obtained. 
A standard curve was prepared by plotting the natural log of the antibiotic 
concentration of the standard samples against the square of the inhibition zone 
diameter; from this, the curve was used to calculate the antibiotic concentration 
in the test samples. 
2.5.2 Measurement of the Concentration of Actinorhodin 
Actinorhodin is a pH indicative antibiotic product and under alkaline conditions 
appears blue. To assay for actinorhodin, Eppendorf tubes of whole broth culture 
were removed from the freezer (-20 °C). 1 ml of the whole culture broth was 
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vortexed, 0.5 ml of 3M KOH was added and the mixture vigorously vortexed 
until complete dispersal of biomass and centrifuged at 10000 rpm for 10 minutes. 
I ml of supernatant from each sample was transferred to a cuvette and the 
absorbance at 640 nm measured. The concentration of actinorhodin was 
calculated from the molar absorbance coefficient of 25,320 M-I cm-1 (Brystzkh et 
al. 1996) and allowing for any dilution/concentration of the sample. 
If any dark blue was observed within the pellet after the initial extraction a 
further 1 ml of 3M KOH was added and extracted by vigorous mixing and 
vortexing. The absorbance of this solution was measured as a normal 
concentration and no additional calculations for dilution performed. 
Calculations for the concentration of substances measurable 
spectrophotometric methods, using the Lambert-Beer Law. 
Equation 4 Lambert-Beer Law 
Log lo = Ed 
I 
by 
Where lo is the intensity if the incident light, I is transmitted light, cis the 
molecular extinction coefficient, c is the concentration of the absorbing species 
and 1 is the path length. Rearranging this equation can produce the concentration 
required for the calculation of actinorhodin (ACT). 
Equation 5: Calculation of Actinorhodin concentration 
C= Abs 
E. b 
C= concentration of ACT (M) 
Abs = Absorbance 
B= cuvette length =1 cm 
E= Molar absorbance coefficient 
Molar absorbance coefficient (c) of ACT at 640 nm = 25,320 M-1 cm -1 (Brystzkh 
et al. 1996) 
C= Abs x dilution 
25320 
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2.5.3 Protocol for the analysis of Undecylprodigiosin (RED) Production 
Whole I ml frozen samples were defrosted, vortexed and centrifuged for 10mins 
at 10,000 rpm in a microfuge. The supernatant was removed and set to one side, 
the mycelial pellet was resuspended in lml CH3OH-HCI (pH 1.5), and vortexed 
with two glass beads until the biomass was completely dispersed. The sample 
was then centrifuged for 10 min at 10,000 rpm. The supernatant was removed 
and the absorbance at 530 nm determined. The concentration of RED was 
calculated using the molar absorbance coefficient (c) of 100,500 M-1 cm -1 at 530 
nm (Tsao et al., 1985). If further colour remained in the pellet, this was re- 
extracted using CH3OH-HC1. Supernatant samples removed in the earlier part of 
the assay were diluted 1: 1 with CH3OH-HCI and absorbance read at 530 nm. 
Dilutions were accounted for in the calculation. 
Figure 16. An example of RED production over the time course of S. coelicolor batch culture 
Equation 6: Calculation of Undecylprodigiosin (RED) concentration 
C= Abs 
s. b 
C= concentration of RED (M) 
Abs = Absorbance 
B= cuvette length =1 cm 
6= Molar absorbance coefficient 
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Molar absorbance coefficient (c) of RED at 530 nm = 100,500 M-' cm -1 (Tsao et 
al. 1985) 
C= (Abs(supernatant) + (Abs(pellet + CH3OH HC1) 
100,500 100,500 
2.5.4 Spectrophotometric Protocol for Total Phosphate Measurement 
3 ml of 0.1 M ammonium molybdate (Sigma) was mixed slowly with 10 ml 5N 
H2SO4. A further 6 ml of 0.1 M ascorbic acid and Iml of potassium antimonyl 
tartrate were added and thoroughly mixed. 200 µl of the prepared reagent was 
added to 800 µl sample and left to develop in the dark for a minimum of 10 
minutes (the reacted sample is stable for up to 30 minutes). Absorbance was 
measured at 880 nm. 
A standard curve was produced using a stock solution of 0.25 M KH2PO4 to give 
standard concentrations of 2.5,5,7.5,10 and 12.5 nmol in the cuvette. Samples 
were diluted as necessary with RO water to fall within the maximum detection 
limit of 20 nmol, ideally resulting in a reading mid-range of the standard curve. 
2.5.5Trinder Glucose Assay (Taken from Trinder, 1969) 
A standard curve from 0 to 750 gg ml-1 was prepared in the range 750,600,450, 
300,300,150 and Ogg ml-1 from a stock glucose solution of 750 gg ml-1. Test 
samples were diluted in RO water so the median concentration of glucose fell 
within this range. 
A test kit was used for D-glucose (Sigma Diagnostics). 3 ml of reagent were 
added to 100 µl of test sample and left at room temperature for 20 minutes. The 
absorbance was then read in the spectrophotometer at 505 nm against an RO 
water blank. Colour is stable for 1 hour. 
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2.6 Rheological Analysis 
Michaela de Vial 
Rheology and viscosity were determined using the Brookfield DVII+ ProTM 
viscometer in combination with RheocalcTM software, (Version 2.7, Brookfield 
Engineering Laboratories, Inc., Massachusetts, U. S. A. ). Due to the 
comparatively small size of the culture vessel a small sample adapter was 
utilised, enabling a greater number of samples to be taken and analysed over the 
time course of the experiment. A cylindrical spindle and vessel viscometer was 
used following the results of Allen et al. (1990), pipeline, cone and plate and 
turbine impellers were found to be unsuitable when measuring filamentous, 
pseudoplastic fluid which are affected by varied shear rates. 
Two programmes were employed for measuring the viscosity and rheology of the 
culture broth. The first demonstrated a progressive increase in the shear rate by 
increasing the rate of the spindle by 10 rpm every 10 s. This programme was 
used to determine the nature of the fluid being examined. Under the varying 
shear rate one could observe any thixotropic or rheopectic behaviour, the 
RheocalcTM software could be used to find the equation of best fit to characterise 
the rheology of the culture. 
The second programme created was a constant shear rate (or rpm) for a fixed 
amount of time. This meant that any thinning or thickening behaviour could be 
observed under constant conditions, with the constant sample times also allowing 
direct comparison between broths. 
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Figure 17. Example of log-log plots of shear stress against shear rate for samples taken from S. 
erythraea CA340 fermentations, these produce almost linear correlations as the fermentation 
progresses, therefore were further analysed using the Power Law equation 
The majority of broths when analysed with RheocalcTM Software, appeared to be 
best characterised using the Power Law equation. To reconfirm these findings a 
graph of log shear stress to log shear rate was plotted (Figure 17). The 
relationship obtained was linear, therefore the fluid rheology was confirmed as 
pseudoplastic. It was therefore deemed that the most appropriate mathematical 
model for further analysis of the data was the Power Law equation. 
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Equation 7: The Power Law equation 
ti=kD" 
ti = shear stress 
k= consistency index 
D= shear rate 
n= flow index 
2.7 Morphological Analysis 
Michaela de Vial 
Samples of the cultures under examination were diluted with 0.85 % w/v NaCl 
solution and agitated until homogenous and gave well-dispersed hyphal 
fragments when viewed in a wet mount. 
Microscope slides were degreased by passing through a Bunsen flame for several 
seconds. 20 µl of diluted culture was spotted onto one end of the slide, drawn 
across the surface using a cover slip, to produce a smooth uniform smear and 
allowed to air dry before heat fixing. 
Heat-fixed samples were stained using a Methylene Blue solution (10 ml of stock 
Methylene Blue stain, 10 ml IMS and 150 ml dH2O). Slides were immersed for 
1 min in the stain, rinsed for 2min in RO water and then allowed to air dry for 2 
hours. Slides were examined using a Leitz orthoplan microscope. Photographs 
were taken at a magnification of x400 using an eyepiece mounted MA88 
Microscope camera (KEY Scientific Products, Texas, U. S. A. ). Images were 
taken for analysis, 20 fragments minimum were captured per sample in batch 
culture and between 40 per replicate sample in chemostat culture. 
These were analysed using the PC Image Software (Foster Findlay Associates, 
Newcastle UK), with an additional module for particle bounding-circle 
measurement (BLT module, Foster Findlay Associates, Newcastle UK). The 
software allowed measurement of total length of particles contained within a 
predetermined area, the number of tips, and the minimum bounding circle 
(smallest diameter circle into which the fragment would fit). 
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2.8 Assessment of adverse effects of antibiotic addition to chemostat culture 
BacLightTM staining was utilised throughout the experiments utilising chemostats 
with addition of the antibiotics bacitracin and tunicamycin at sub-lethal levels to 
ensure that cultures were not adversely affected in combination with Miles Misra 
plating to ensure that total viable cell concentration was retained between treated 
culture samples. 
Live/Dead® BacLightTM Bacterial Viability Staining 
The kit components were made up as detailed on the Molecular Probes Product 
Information Sheet for L7007. Component A, SYTO 9 dye (1.67 mM)/ propidium 
iodide (1.67 mM), a 300 µL solution in DMSO. Component B, SYTO 9 dye 
91.67 mM)/ Propidium iodide (18.3 mM), 300 µL in DMSO. A 1: 1 v/v mixture 
of the two components was made up into aliquots and frozen at -20 °C and kept 
in the dark. 
The two dyes used in BacLight staining differ in their staining properties and 
their excitation wavelengths, which can then be used to characterise a population 
under scrutiny. 
9 SYTO® 9 is a green fluorescent nucleic acid stain, when used as the sole 
stain it does not distinguish between intact healthy cells and those with 
damaged membranes, excitation/emission occurs at 480/500 nm. 
9 Propidium iodide, a fluorescent red stain 490/635 nm, can only penetrate 
bacteria with damaged cell membranes, reducing the staining of the 
SYTO 9. Therefore when used at a higher concentration the damaged or 
dead cells stain red or non-viable, whilst intact and healthy cells stain 
green. This can be used to quantify or analyse a population. 
Preparation of culture samples were as follows; 
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A 50 µl sample of culture was diluted 1: 20 v/v in 0.85 % w/v saline, after a brief 
vortex this was centrifuged at 12,000 rpm for 5 minutes. The supernatant was 
removed and the culture sample re-suspended in fresh saline medium up to I ml. 
This wash step was included to remove media components (such as nucleic 
acids), which may interfere with the staining procedure. 3 µl of prepared 
BacLight dye was added to the sample, briefly mixed and incubated at room 
temperature in the dark for 15 minutes. After this time 5 µl of stained bacterial 
suspension was spotted onto a slide and then trapped under an 18 mm2 cover- 
slip. 
The slide was observed using a Leica microscope fitted with fluorescence filters 
suitable for the wavelengths required. 
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3. Materials and Methods for Microarray Preparation 
and Subsequent Analysis 
3.1 Methods for Isolation of DNA and RNA samples 
3.1.1 DNA extraction 
S. coelicolor and S. erythraea cultures designated for DNA extraction were 
grown in Yeast Extract Malt Extract (YEME)Broth, supplemented with 34 % 
sucrose, 5 MM MgC12 and 0.5 % glycerol (Appendix 1). 50m1 was placed in a 
baffled Erlenmeyer flask on an orbital shaker at 30 °C until stationary phase was 
achieved. Stationary phase was required for these extractions as the DNA was 
required for microarray labelling. This was to ensure that was a more uniform 
distribution of the spots on the microarray slide. Using the DNA from earlier in 
the growth cycle produces in greater expression of the genes closer to the origin 
of replication therefore resulting in uneven intensity of spots resulting in 
incorrect correlation when compared to RNA expression for example. 
The culture was transferred into a 50 ml v-bottom Falcon tube and centrifuged at 
3000 rpm for 10 min at room temperature. Supernatant was discarded and the 
pellet resuspended in 15 ml 10.3 % sucrose, mixed and placed in a centrifuge at 
3000 rpm for 10 min at room temperature. The process was repeated until the 
supernatant became reasonably clear. The cells could be stored at -20 °C until 
the extraction could be completed. 
The pellet was resuspended in 2m1 of prepared lysozyme solution (15 mg ml-1 in 
TE buffer as detailed in Appendix). This was incubated at 37 °C for 1 hour or 
until complete lysis of the cells. 2.3 ml of 2x Kirby mix (2% sarkosyl (N-lauroyl- 
sarcosine L9150), 12% phenol (V/V) and 12% sodium 4-amino-salicylate 
(A3505)) was added and the mixture vortexed for lmin, inverting the solution 
until homogeneous. 
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5.3 ml of phenol/chloroform was added, vortexed for 15 secs and centrifuged at 
4000 rpm for 10 min at 4 T. The upper (aqueous) phase was transferred into a 
new tube, without taking over any protein (white middle phase). This extraction 
was repeated with phenol/chloroform until there was no white phase at the 
interface between the aqueous and lower phases. To the aqueous phase 1/10th 
volume 3M NaAc and 1 volume isopropanol were added. The centrifuge tube 
was inverted a few times and left at room temp for 10 min and spun at 9000 rpm 
for 10 min at 4 T. 
The supernatant was removed and the pellet was washed with 1 ml 70% EtOH. 
This was then re-centrifuged before the supernatant was removed and the pellets 
left to dry on the bench. 
The pellet was dissolved in 3 ml TE, and 40 gg ml-1 RNase was added to the 
solution and incubated at 37 °C for 30 min to remove any RNA present. The 
phenol chloroform extraction was repeated to remove the enzyme and bi- 
products - again the aqueous phase was removed until no protein phase was 
present. 3M NaAc and isopropanol was added as before, and the protocol 
followed until a pellet was achieved once more. The pellet was dissolved in 
500µA, TE. 
1 µl of DNA was removed and analysed on the Nanodrop® ND 1000 UV-Vis 
Spectrophotometer. The instrument is used to provide an indication of the quality 
and quantity of nucleic acids present within the sample. In ideal circumstances 
the ratios at the different wavelengths of 260/280nm and 260/230 nm should be 
close to 2. Anything distant from that value was discarded. A low 260/280 ratio 
is an indicator of possible protein or phenol contamination, meanwhile a low 
260/230 concentration could be a sign of polysaccharide or peptide 
contamination. The presence of reagents used during the extraction not being 
removed or washed correctly can also affect the purity of the DNA. 
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3.1.2 RNA isolation and extraction 
3.1.2.1Quenching and storage of biomass 
Michaela de Vial 
The initial quenching of the S. coelicolor and S. erythraea cultures for RNA 
isolation was performed using RNA Protect (Qiagen catalogue number: 76506). 
The required volume of bacterial culture was calculated to provide ng of RNA - 
this volume. Two volumes (of the calculated) were then added to an RNAse free 
Falcon tube, one volume of bacterial culture was added directly from the 
bioreactor culture. This was then vortexed to quench the culture, and incubated 
for 10 minutes at room temperature. The treated sample was then centrifuged for 
10minutes at 3500rpm and the supernatant removed. The pellet was stored at - 
80°C for up to 4 weeks before extraction. 
3.1.2.2 RNA isolation 
RNA isolation was carried out using the RNAprotectTM Bacteria Reagent Kit 
(Qiagen catalogue number: 74104). The protocol supplied in the handbook for 
the stabilisation and isolation of total RNA was followed as a guideline with 
some minor adjustments. 
The stored sample was defrosted and loosened from the bottom of the Falcon 
tube by gentle flicking, the bacteria were then resuspended in 100 gl lysozyme 
containing TE buffer. This was then vortexed to mix thoroughly and incubated at 
37 °C for up to 45 min to ensure there was complete digestion of the cell wall.. 
350 gl buffer RLT was then added to the sample and vortexed vigorously. If 
insoluble material was present, this was further homogenised using a 25 G 
(gauge) needle and syringe 
One volume phenol/chloroform solution was added to the sample, vortexed for 
30 sec and centrifuge for 5 min at full speed. The upper phase (aqueous) was 
transferred to a fresh 1.5 ml Eppendorf and the extraction repeated with another 
volume of phenol/chloroform. The process was repeated by addition of further 
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volumes of phenol/chloroform by vortexing and centrifuging and removal of the 
upper aqueous layer until there was no longer any visible protein phase on the 
interface between the aqueous and lower layer. This was then transferred to a 
fresh 1.5 ml Eppendorf tube, and the volume corrected to 350 µl with the buffer 
RLT if necessary. 250 gl of ethanol (96-100%) was added to the lysate. A pipette 
was used to mix thoroughly. 
The sample and any precipitate were applied to an RNeasyTM mini column in a 
collection tube, before being centrifuged at 1000 rpm for 15 sec. Flow-through 
was discarded. The membrane was washed with 350 gl of RW1 buffer, and 
centrifuged for 15 sec at 10,000 rpm (wash step). Again flow-through was 
discarded before addition of a prepared DNase I incubation mix (27.3 Kunitz 
units per 10 µl) was pipetted onto the RNeasy silica gel membrane, and placed on 
bench top for 15 min at room temperature. 
The enzyme treated sample was then washed by pipetting 350 . t1 Buffer RW 1 
into the RNeasy mini column, centrifuged for l5seconds at 10,000 rpm and the 
flow through discarded. The RNeasy column was then transferred onto a new 
collection tube, and 500 µl Buffer RPE was pipetted onto the RNeasy column. 
This was centrifuged again and the flow-through discarded. Another 500 µl 
Buffer RPE was added onto the RNeasy column. This was then centrifuged at 
10,000 rpm for 2 min, prior to the RNeasy column was placed in a new 
collection tube and centrifuged for a further minute at 10,000 rpm. This had the 
effect of drying the membrane before the RNA was eluted using RNase free 
water. The column was transferred to a new collection tube (RNase free 1.5 ml 
Eppendorf). 30-50 µl RNase free water was placed directly onto the silica-gel 
membrane. This was then centrifuged at 10,000 rpm for 1 minute to elute. The 
flow through was retained as this contained the RNA, as greater than 30 gg RNA 
yield was expected the elution was repeated as described with a second volume 
of RNase free water into the same collection tube 
The quantity of RNA was checked using the Nanodrop, the ratio between the 
260/280 nm wavelengths were used as an indicator of purity. If the total was not 
enough, a further elution was performed to ensure that nothing remained upon 
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the membrane, and the sample was then freeze-dried and re-suspended in a 
smaller volume of water to increase the concentration. 
1 µl of RNA was removed and analysed on the Nanodrop® ND 1000 UV-Vis 
Spectrophotometer. The instrument is used to provide an indication of the quality 
and quantity of nucleic acids present within the sample. In ideal circumstances 
the ratios at the different wavelengths of 260/280 nm and 260/230 nm should be 
close to 2. A low 260/280 ratio is an indicator of possible protein or phenol 
contamination, meanwhile a low 260/230 concentration could be a sign of 
polysaccharide or peptide contamination. The presence of reagents used during 
the extraction not being removed or washed correctly can also affect the purity of 
the RNA. 
3.2 cDNA synthesis and labelling of extracts 
The microarray hybridisation protocol 10/05 (for both PCR and Oligo arrays on 
U1traGAPS slides) (Mersinias et al., 2005) was used as a guide for the 
preparation and labelling of cDNA and gDNA for the microarrays. 
For actual labelling, 1.5 µl Cy3 dCTP or 2.5 µl Cy5-dCTP was used, a greater 
proportion of Cy5 was utilised as the incorporation of the Cy5 dCTP dye was 
much less efficient in cDNA labelling. Hence when the experiment was 
performed for gDNA vs cDNA, Cy5 dCTP was used to label the genomic DNA 
for the microarray. 
The purified total RNA prepared above was thawed, for each sample 5-7.5 µg 
was used for both the Cy3 dCTP and Cy5 dCTP labelling with a maximum 
volume of 7.6 gl for Cy3 dCTP and 7.1 µl for Cy5 dCTP. 0.85 gl of random 
primers were added to the mix and RNase-free water was added up to a volume 
of 8.45 µl (Cy3-dCTP) or 7.95 gl (Cy5-dCTP). This was placed at 70°C for 
10minutes snap cooled on ice and spun in a centrifuge to consolidate all of the 
liquids present. 
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A master mix for the processed samples was made up as follows; 6 µl 5X First 
Strand Buffer, 3 µl 100 mM DTT, 0.6 pl dNTPs (25 mM each of dATP, dGTP, 
dTTP, 10 mM dCTP), 2 µl Superscript III, and then either 1.5 µl Cy3-dCTP or 
2.5 µl Cy5-dCTP depending on the label required. For Cy3-dCTP 6.55 µl of the 
master labelling mix was added to each of the samples and incubated in the dark 
at 25 °C for 10 min, and then transferred to 42 °C for 180 min in the dark. The 
RNA was then denatured by the addition of 10 µl 1N NaOH and then placed at 
70 °C for 10 min (in the dark) and the neutralisation of this with 10 µl 1N HCI. 
3.3 DNA Labelling 
2-3 µg of genomic DNA had 1µ1 of random primers added, and the volume 
made up to 41.5 µl with ddH2O and placed at 95 °C for 5 min. To this 5 µl 
Klenow Buffer (10X), 1 µl dNTPs (5 mM each dATP, dGTP, dTTP and 2 mM 
dCTP), 1 µl Klenow Fragments (5 U µl-1) and 1.5 µl Cy3-dCTP or Cy5-dCTP 
were added. These were left at 37 °C in the dark overnight (12 hour). 
For the cDNA experiments a batch of gDNA was labelled using ten times the 
above amounts to ensure that the arrays were uniformly labelled with the same 
gDNA standard. This was to try and minimise any further human interference 
that would be required for the normalisation of the data once the arrays had been 
scanned. 
3.4 Purification of the labelling reactions 
The purification of all of the labelling reactions was carried out using Qiagen 
MinEluteTM columns (Qiagen catalogue). To each labelling reaction 5 volumes of 
buffer PB was added and centrifuged through the column for I minute at 13,000 
rpm. 500 pl buffer PE was then added, and centrifuged at 13,000 rpm for 1 
minute and then a further 250 gl buffer PE added and centrifugation repeated. 
The column was placed on a fresh Eppendorf tube (1.5 ml RNase free) and 
centrifuged for 1 minute to remove any residual liquid. 
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The column was transferred to a clean tube and 10 µl buffer EB was placed on 
the membrane, this was then left at room temperature for 1 minute, this was then 
centrifuged at 13,000 rpm for Iminute. The eluted volume was kept and the 
process repeated. If colour remained upon the membrane a further elution was 
utilised. 
For each Cy-dye labelled sample the concentration of Cy nucleotides was 
measured using the NanodropTM at 550 nm and 650 nm for Cy3-dCTP and Cy5- 
dCTP respectively. 1 gl of undiluted sample was used to determine the number 
of pmol of incorporated Cy-dye into each reaction. 
3.5 Preparation of Microarrays 
Microarrays were prepared as per the instruction booklet from the Corning 
Pronto! Universal Microarray Hybridisation Kit (Coming Catalogue Number: 
40026). These were then stored in a dark, dust-free environment until ready to 
use. These had to be used within a week. 
3.5.1 Loading of Microarrays 
From the labelled sample above - an aliquot containing 45 pmol of Cy 
nucleotides for cDNA reactions, and an aliquot containing 17pmol of gDNA (for 
the comparative cDNA vs gDNA experiments) were mixed and dried at room 
temperature in a SpeedVacTM centrifuge in the dark. 
Labelled samples were dissolved in 45 pl of Pronto! cDNA/Long Oligo 
Hybridisation SolutionTM (from the Pronto! Universal Microarray Hybridisation 
Kit Corning Catalogue Number: 40026) These were then denatured at 95 °C for 
5 min before being briefly centrifuged and pipetted onto the surface of the 
arrayed surface of the microarray slide. A 24 mm X 60 mm cover slip was then 
lowered gently onto the sample, ensuring even spread avoiding entrapment of 
any air bubbles. 3X SSC was placed in the reservoirs at either end of the slide, 
this was to assist in ensuring hydration of the sample and stringency of the 
hybridisation. Concentrations of SSC may be reduced within the load mixture. 
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The diluted solution means that decreased Na+ results in greater stringency when 
the hybridisation occurs. 
This was then sealed in a hybridisation chamber (Corning Catalogue number) 
and incubated in a water bath for 18 hour. 
3.5.2 Washing of Hybridised Microarrays 
The washing of the microarrays after the hybridisation was followed as per the 
instructions on the Pronto! Universal Microarray Hybridisation Kit (Corning 
Catalogue Number: 40026). Great care was taken in the initial removal of the 
cover slip, as it is at this stage that any movement against the arrayed surface of 
the slide may result in removal of probes from the glass by shearing off due to 
frictional forces. 
The microarrays utilised were of two types: spotted S. coelicolor oligonucleotide 
arrays and PCR product arrays. A brief explanation of the two types is given 
below. 
3.6 Types of Microarray Utilised 
3.6.1Spotted S. coelicolor oligonucleotide microarrays 
Oligonucleotide probes are covalently attached via an aliphatic amine located at 
the 5' end of the DNA probe, which acts as an anchor to the glass. 
3.6.2 Polymerase chain reaction oligonucleotides 
The PCR product can be attached in two ways to the glass, either covalently as 
the oligo probes, or non-covalently. Amine groups on the glass slide 
bond with 
phosphate groups on the backbone of the PCR products which can there 
be 
attached more strongly and at multiple points of the probe to oligo probes which 
are "end-on". As PCR probes are cDNA, the amine is always added to the 
5' end 
of the PCR primer from which the probes are synthesised. 
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3.7 Direct Labelling - Cy 3 and Cy5 
Michaela de Vial 
mRNA is primed with poly T primers which initiates reverse transcription from 
the polyadenylation at the 3' UTR of mRNA. Nucleic acids as per the method 
(see Appendix), were added to the reaction in addition to the Cy dye. A smaller 
proportion of dCTP was added in comparison to dATP, dTTP and dGTP, the 
labelled fluorophore (Cy dye) was therefore incorporated as transcription of the 
cDNA occurred, resulting in a proportion of the cDNA being fluorescently 
labelled when C was integrated. 
Microarrays were initially scanned using, and the images further analysed and 
quantified using BluefuseTM. This ensured that all spots were placed in their 
appropriate sites within the grid used for location and labelling of the different 
probes at a later point. Any adjustments were made to ensure that the background 
noise from remaining CyDye or washes were minimised. SDS that has dried to 
the slide fluoresces at the same wavelength as the Cy3 resulting in an increased 
gain to be used with the Bluefuse analysis and therefore increasing the risk of 
any error. 
3.8 GenespringTM analysis of gDNA samples 
Samples were imported into Genespring as Excel format versions of the output 
results after assimilation on Bluefuse. Samples that underwent a dye swap were 
labelled as such, and per spot and per chip normalisations (per spot - divide by 
control channel , per chip - normalise to the 5O percentile). The parameters 
were set according to the mutant under scrutiny. 
3.8. lGeneration of PMU List 
PMU (P= present, M= marginal, U= unknown) evaluations of the data had been 
previously undertaken to generate a definitive list. This PMU list (as in Appendix 
3) was utilised throughout all experiments to provide a specific comparison 
between all samples. 
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3.9 Analysis of cDNA (RNA samples) 
Michaela de Vial 
Analysis of the different cDNA samples were again put through Genespring, data 
was loaded from the experiments and PMU list generated from the results for 
each experiment. These were then put through Rank Product Analysis (3.9.1. ). 
3.9.1 Rank Product Analysis 
Rank Products was used as a method of determining statistically significant 
genes with increased stringency for the levels of gene expression in between 
replicates. This is used in preference to fold change, as used for genomic 
analysis, which is more of an arbitrary value and a crude method. Rank products 
was selected also as it has been proven to be more reliable and consistent in 
comparison with non-parametric t-test methods that would have otherwise been 
employed for analysis (Breitling et al., 2004). It is more reliable in instances 
where there is noisy data. The additional package RankProd, can also be utilised 
to undertake meta-analysis, or comparison of multiple platforms or microarray 
results across different experiments by usage of the Rank results (Hong et al., 
2006). Also importantly, Rank Products is less affected by differences in sample 
size (Jeffrey et al., 2006) therefore is a preferred method for analysis in these 
experiments where although triplicate biological replicates are used for the 
majority of the experiments, it would introduce a greater degree of flexibility 
should only duplicate experiments be present. 
Within the package, data could be analysed via a variety of methods within Rank 
Products itself. For the results obtained probability of false positives (pfp) values 
were utilised - and where the data was not close enough to cope with this 
extremely stringent parameter, ranked gene values instead were used to 
assimilate the data. The cut-off used for pfp values was 0.15, and for the rank 
products the top 200 genes were used. 
Normalisation of the raw results prior to Rank Product analysis was attained by 
block normalisation of the arrays. Duplicate spots if flagged "good" as indicated 
by the results on Genespring were averaged. The data was then merged 
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(including good control data) and then normalised across arrays. After 
normalisation the data was filtered such that only genes that had at least 1 good 
spot for at least 2 biological replicates in all conditions (S. coelicolor FC I wild 
type, S. coelicolor FC I bac` and S. coelicolor FC I tun' at both dilution rates of 
0.1 h-1 and 0.04h-') were used. 
Rank products analysis was conducted using all genes that passed filtering (as 
above). As there was a possibility of having some NAs (a gene could pass 
filtering if had only 1 NA in each condition) an additional parameter was used in 
Rank Products (na. rm=TRUE) which means that NA values were replaced by the 
mean value of the other 2 remaining spots for the same condition. 
3.10 Genes of Interest 
Genes of interest were selected according to function, association with 
morphology and differentiation. Aspects of the peptidoglycan biosynthesis 
pathway, murein, penicillin binding proteins, whi, Bid and other genes 
highlighted in the relevant literature, were also used to generate searching 
keywords, (Appendix 2). 
3.11 Further Analysis of Results 
Once the significant genes had been elucidated it was obvious that not all 
information was available from only the microarray dataset. All unknown or 
possible genes which had not been definitively labelled were reBLASTed (NCBI 
database, www. ncbi. com) against all known genome sequences. This was 
performed by copying and pasting the amino acid sequences of the unknown 
gene from the SCODB database (renamed STREPDB 
http: //strepdb. streptomyces. org. uk) freely available on the web, and the sequence 
pasted into the BLASTP search engine of the PubMed database. 
The results of the search were then put into the table of results and the genetic 
information updated accordingly. 
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4. Elucidation of the pattern of branching over the time course of 
a batch culture of S. erythraea in a complex medium. 
This work is a continuation of the observations made by Prof M. Bushell and Dr 
J. N. Wardell (unpublished data). They had observed that, when using Abbott 
Soluble Complex Medium (Appendix 1) there was a noticeable change in the 
hyphal micro-morphology of Saccharopolyspora erythraea MG10534. 
The aim of the initial experiments within S. erythraea was to produce a change in 
hyphal growth unit (HGU) in small-scale bioreactors, as observed over the time- 
course of industrial S. erythraea batch fermentations. This is regarded within 
industry to have a negative impact due to a decrease in secondary metabolite 
productivity caused by filament breakage. The experiment was repeated using an 
Abbott strain of S. erythraea, 1 MS31-3, to determine if the previously observed 
effects were also evident within this strain. 
4.1 Soluble Complex Medium 
The Soluble Complex Medium supported a rapid increase in biomass 
concentration creating a growth curve levelling out after 44 hours (Figure 18). 
The viscosity paralleled this trend indicating the extent to which viscosity is 
influenced by hyphal concentration. The rheology of the culture broth changed 
also, from a Newtonian-like fluid to displaying more pseudoplastic 
characteristics (Figure 19). As described previously (Chapter 1), Newtonian 
fluids display a linear relationship between shear stress and shear rate, therefore 
viscosity remains constant as the shear rate is varied (e. g. water). Pseudoplastic 
fluids are non-Newtonian, whereupon the relationship of shear stress to shear rate 
is not a constant. Pseudoplastic behaviour is characterised by a decrease in 
culture viscosity that falls progressively with an increasing shear rate. 
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Figures 18 a, b. A comparison of biomass, erythromycin production and viscosity of S. erythraea 1MS31-3 
in Soluble Complex Medium batch cultures. 
Viscosity displayed a sudden increase through the exponential phase of growth 
and antibiotic production, peaking before maximum biomass was obtained and 
decreasing before the maximum biomass concentration was obtained. After this 
time viscosity maintained a similar profile to estimated biomass. Erythromycin 
production peaked after both maximum viscosity and biomass concentration 
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before continuing at a similar level within the culture. Thus viscosity is a 
particularly important parameter in secondary metabolite production as both 
appear to become more significant during the latter part of the batch culture time 
course. 
One aspect that must be considered is the fairly large proportion of soybean oil 
within the soluble complex medium at the earlier stages of the culture growth. 
Oils are Newtonian fluids at a constant temperature, this may affect the rheology 
of the medium at the earlier time points when oil concentration is higher. This 
may convert the rheology of the fluid to more Newtonian-like properties. 
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cultures grown in Soluble Complex Medium. These produce almost linear correlations, therefore were 
further analysed using the power law equation. 
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A graph of log shear stress to log shear rate was plotted. The relationship 
obtained was linear, therefore the fluid rheology was confirmed to be 
pseudoplastic (Figure 19). The most appropriate mathematical model for further 
analysis of the data was the Power Law equation, as discussed in Chapter 2.6. 
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All samples displayed defined thixotropic behaviour (Figure 20). When the 
samples were subjected to a constant shear rate for a period of time in the 
viscometer, all underwent a decrease in viscosity. The two samples with the 
highest biomass concentration (42 hours and 48 hours) were very similar in 
rheological profile, although occur at different ranges of viscosity. This indicated 
that as the rates of shear increase so the molecules (in this case hyphal fragments) 
become gradually more aligned (Banks, 1977). Morphologically they also 
produce longer hyphae with a decreased rate of branching in comparison to 
samples taken at earlier time points. 
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Despite similar biomass concentration at 100 hours to the earlier sample, there 
was a sharp decrease in viscosity. Mycelia displayed increased evidence of 
fragmentation by this point in the culture, evidence provided by microscopic 
examination and the increased difficulty that was experienced when the samples 
were filtered for biomass determination and prepared for bioassays, this thereore 
meant that cultures were only sampled up to 90 hours for accurate results. 
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Using the Power Law equation it can be seen that the culture of S. erythaea 
1 MS31-3 not only displayed a change in the consistency index (the higher the 
consistency index the more viscous the broth) but there was a decrease in n (the 
degree of non-Newtonian behaviour) (Figure 21). The further the value of n from 
1 the more non-Newtonian the properties of the fluid. All of the samples 
displayed a departure from Newtonian behaviour. 
a) 24h 
u ýn 
' 
Figure 22 a), b), c): Photographs of S. erythraea 1 MS31-3 grown in SCM during batch 
fermentation. The increased length of the filament renders it more susceptible to breakage and a 
subsequent undesirable decrease in antibiotic production can result. 
The morphology of the organism demonstrated defined changes at the major 
sampling points (Figure 22). From 0 to 24 hours it was composed of small highly 
branched hyphal fragments. From 24 hours to 40 hours these fragments had 
doubled in size and there was a decreased rate of branching, however they still 
maintained a more rounded fragment shape. By 60 hours the hyphae have 
lengthened and appear less rigid, with fewer branch points. As the batch process 
has progressed so the hyphal fragments have elongated. In some instances the 
hyphae appeared to be composed of one main long "backbone" with any hyphae 
branching from this appearing stunted. By the later time points of the 
fermentation these "stunted ends" no longer were apparent. This could also 
b) 44h 
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indicate that they had been sloughed off by the shear forces in the rapidly stirring 
bioreactor. Therefore, distance between branch points, if any were present on the 
mycelium, had increased. After 150 hours there was evidence of fragmentation 
(not included on graphs), therefore decreasing the power required to stir the 
culture (viscosity) yet it still maintained a more pseudoplastic profile. 
From the data observed in bioreactors it was clear that there was a definite 
alteration in branch rate over the time course of the fermentation. Initially, the 
mycelium was highly branched. This reflects the evolution of the branched 
species to exploit nutrient rich micro-habitats by forming highly-branched 
networks in the soil. The micro-organism is "unaware" that it is growing in liquid 
culture and reacts the same way. Thus at the start of the culture, when nutrients 
are in excess, small, branched discrete units are formed, resulting in a culture 
with low viscosity and Newtonian characteristics. This is the most desirable form 
for an industrial process, as agitation, leading to aeration, is the most expensive 
component of a bioprocess for a generic product, such as an antibiotic. 
As nutrients became exhausted with time, the culture transformed to longer, less- 
branched hyphae, consistent with the strain "searching" for new nutrient-rich 
microhabitats in the soil. This had an immediate effect of increasing viscosity 
and displayed non-Newtonian characteristics, unwanted in industrial 
fermentations of filamentous organisms due to the increased hyphal breakage and 
high stirring rates required to maintain hyphal alignment and a reduced viscosity 
required for good aeration. 
The extent of the subsequent progression from branched to less branched form 
may be dependent upon the type of nutrient limitation to which the organism was 
subjected. This was investigated further (Chapter 6). 
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4.2 Summary of Findings for Further Investigation 
" Growth of S. erythraea 1 MS31-3 in Soluble Complex medium resulted in 
the production of a thick highly viscous broth from a medium with an 
"unfermented" viscosity akin to water. 
" The viscosity increase coincided with the phase of maximum erythromycin 
production. 
9 Viscosity did not increase at a rate entirely proportional to biomass 
concentration (i. e. the two were interdependent). 
" S. erythraea 1 MS31-3 when grown in Soluble Complex medium changed 
in morphology from highly branched small forms to elongated networks of 
hyphae with a decreased branching rate. 
" The change in morphology resulted in a change in rheology of the culture 
broth from Newtonian to non-Newtonian. 
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5. Measurement of branching parameters and suitability of 
S. coelicolor as a model 
5.1. Elucidation of the bulk branch parameter 
The time-course for the branching rate of S. erythraea 1 MS31-3 in SCM culture 
had been characterised (Chapter 4). Viscosity and branching rate are inversely 
related but out of phase by about 20h (Figure 23). In order to get a clearer 
picture, we need either to deconvolute the effect of biomass concentration on 
viscosity (hence the requirement to reproduce altered branch rates in chemostat 
culture) in order to obtain a specific viscosity (relative to biomass concentration) 
parameter or obtain a parameter associated with the morphology or branch rate 
that relates more closely to viscosity . 
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Viscosity gave better correlation with other measured variables than consistency 
index. Viscosity, therefore was chosen as the default rheological parameter. 
Better correlation was obtained between viscosity and hyphal branching rate (fig 
24c) than viscosity with either biomass concentration (fig 24a) or hyphal growth 
unit (fig 24b) 
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Figure 24. Data correlations obtained from time course data from S. erythraea 1MS31-3 SCM 
batch culture. 
Numerous metrics are available for quantifying the hyphal branching rate and 
viscosity. The term and measurement of hyphal growth unit has been coined for 
describing branch rate (Caldwell and Trinci, 1973). 
Equation 8: Hyphal Growth Unit 
HGU (µm) = total fragment length (µm) 
total number of hyphal tips 
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Branching rate can be calculated from the HGU to determine the number of tips 
per unit length. Branch rate is, therefore, the reciprocal of HGU. 
Equation 9: Rate of Branching 
Branching rate =1 
HGU (µm) 
The studies described in this thesis lead us to adopt bulk branching parameter 
(biomass concentration/hgu) as our branching metric as this correlated the most 
strongly with culture viscosity (shear stress /shear strain). Bulk branching parameter is , 
effectively, the density of branches in the culture and is a novel concept, 
developed during the course of these investigations. 
This suggests that this parameter, which gives an approximate number of 
branches per micrometer per gram of biomass or density of branches within the 
culture, could be a good indicator of viscosity in batch cultures of filamentous 
micro-organisms. 
Equation 10: The Bulk Branch Parameter 
Bulk branching parameter = 1/HGU (branch rate) x biomass (g"1L"1) 
This composite parameter and viscosity change in a co-ordinated manner in 
liquid culture (Figure 25). 
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Figure 25. Time course for bulk branching rate and viscosity in S. erythraea IMS31-3 SCM 
batch culture. 
5.2. S erythraea 1MS31-3 - defined phosphate-limited medium 
In phosphate-limited defined medium, branching rate declined when the growth 
limiting nutrient concentration became depleted. There was an inverse 
relationship between viscosity and branching rate, as in liquid culture. In the 
defined medium, the phase shift seen in complex medium was not apparent 
(Figure 26). 
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Figure 26: Time course for biomass concentration, branching rate and viscosity in S. erythraea 
1 MS31-3 defined (phosphate-limited) batch culture. 
As in complex medium, the bulk branching parameter rose co-ordinately with 
viscosity over time (Figure 27). 
10 0.12 
8 
a6 
U 
U) 
0 
U 
4 
2 
0 
I 
  
0 
9   
  
f     
f 
f   
  
0.10 
0.08 
', 
E 
0 
0.06 
x 
a) io 
0.04 r U 
C 
0.02 
0.00 
0 20 40 60 80 100 120 
Hours 
  Viscosity 
Branch rate x biomass 
Figure 27: Time course for bulk branching rate and viscosity in S. erythraea IMS31-3 defined 
(phosphate-limited) batch culture (note scale differences compared to figure 25) 
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The relationship between biomass accumulation and the other parameters (Figure 
28) in the defined medium was similar to that observed in the complex medium. 
This validated the use of the defined medium as a simpler system for study, 
wherein the relationship between growth limiting substrate availability and the 
viscosity-related parameters could be elucidated. 
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5.3. S coelicolor FC1- complex medium 
Once the increase in hyphal growth rate over the course of S. erythraea 1 MS31-3 
batch culture had been established the aim was to repeat the experiments and 
reproduce the equivalent pattern of branching over the time course of a batch 
culture of S. coelicolor. 
The genome sequenced, well-defined Streptomyces coelicolor strain was studied, 
as complete microarray analysis (and subsequent targeted mutation) is readily 
available in this strain. The pelleted nature of S. coelicolor M145 is well 
documented within literature (Kim et al., 2004), therefore the more dispersed 
phenotype obtained under a selective pressure of a high growth rate, S. coelicolor 
FC 1 (Williams, PhD thesis, (2000)) was used. 
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coelicolor FC I in SCM batch culture 
S. coelicolor FC 1 followed dissimilar culture dynamics to those of S. erythraea 
1MS31-3 in SCM (Figure 29). This species grown in soluble complex medium, 
also did not exhibit an inverse relationship between morphology and viscosity 
(Figures 28 and 29) as seen in batch culture of S. erythraea. After 55 hours, 
cultures became too fragmented to allow image analysis to be used. 
It was important for the planned programme, to develop a simple, defined 
medium that exacerbates the phenomenon observed within S. erythraea 1MS31-3 
batch cultures using the soluble complex medium, in S. coelicolor FC 1. 
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5.4. S coelicolor FCl- defined medium 
In defined phosphate-limited medium (Appendix 2), the inverse relationship 
between viscosity and morphology parameters could be related to limiting 
nutrient concentration and secondary metabolite production (Figure 32) as well 
as biomass concentration (Figure 31). 
It can be seen from initial test batches that viscosity and biomass concentration 
increased, as branch rate decreased. During the period of exponential growth, so 
the change in the branch rate decreased exponentially. All measured primary 
factors such as biomass and hyphal growth units (represented as branch rate - 
Figures 31 and 32) underwent a slowing or flattening out of the mapped data 
after 55 hours. This is also noted in the results of the triplicate S coelicolor FCl 
batches (Chapter 6). 
In the phosphate-limited defined medium, the viscosity values obtained were 
decreased, as in the case of the Saccharopolyspora experiments. 
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In the defined medium, the inverse relationship between viscosity and branch 
rate could be observed (Figure 32), while the bulk branching parameter dynamics 
appeared correlated with those of culture viscosity (Figure 33). 
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Figure 33. Time course for bulk branching rate and viscosity in S. coelicolor FC 1 in defined, 
phosphate-limited batch culture. 
5.5. Remarks on high density cultures 
For high density cultures a good parameter for understanding the effect of high 
biomass load upon the viscosity is to divide the viscosity by the biomass 
concentration to give the viscosity per unit biomass. As can be seen from Figures 
34 and 35 this produces an inverse correlation with respect to branch rate, with 
the flow index or Newtonian behaviour also being similarly affected (the closer 
to zero the more non-Newtonian the behaviour of the culture). A branch rate of 
less than 0.02 causes maintenance of a higher viscosity per unit biomass. Flow 
index is similar in profile to branch rate up until after 55 hours (Figure 34). As 
the culture ages and becomes more fragile during the fermentation so the flow 
index gradually increases to become more Newtonian. 
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In the batch culture of S. erythraea 1 MS31-3 SCM, erythromycin yield follows 
biomass concentration very closely, peak erythromycin yield (Figure 35) 
correlates with the lowest flow index value obtained (see Figure 34). 
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Batch cultures of S. coelicolor FC 1 grown in SCM (Figure 36), demonstrated an 
initial inverse relationship between branch rate and viscosity per unit biomass as 
seen in S. erythraea 1MS31-3 up to 30 hours (Figure 34). S. coelicolor FC1 
appeared to undergo sudden and rapid growth in soluble complex medium. 
Maximum biomass concentration was achieved after only 24 hours, and the 
branch rate was not sustained. Branch rate increased suddenly, with subsequent 
lysis and fragmentation. Sporulation in liquid culture was also observed. This is 
reflected in both a decrease in viscosity per unit biomass and an increase in flow 
index (n). These results indicated that SCM was not a suitable model for S. 
coelicolor growth as it displayed none of the characteristics that would have been 
required. 
5.6 Defined medium 
A simple, defined medium was sought that reproduces the phenomenon observed 
within S. erythraea 1MS31-3 batch cultures utilising the soluble complex 
medium. A clear, easily characterised, transparent liquid was preferable for 
measurement of antibiotic production, glucose utilisation, phosphate and nitrate 
levels (all assays requiring eventual quantification for by colorimetric methods), 
staining procedures (microscopy) and as the best system for study of both batch 
and continuous chemostat culture. 
There was clearly a significant influence of nutrient limitation on branching rate. 
Carbon (glucose) limitation resulted in no significant change in viscosity (Figure 
37) and no significant alteration in the HGU or branching rate (Figure 38) over 
the course of the culture. 
Nitrate limited cultures increased in viscosity, to a maximum of 6cP (Figure 37). 
The branch rate depicted that there was a reduction over the time course but this 
did not produce such a well defined reduction in branch rate as seen in phosphate 
limited culture (Figure 38) and did not follow as similar a profile to the results 
obtained from SCM. 
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Phosphate limitation stimulated a greater increase in viscosity in comparison 
with the other limitations studied, it also yielded the highest biomass 
concentration. The contribution of each gram of biomass per 0 is calculated 
there is again a change in viscosity over time per gram of biomass. This 
suggested that there is indeed some other factor involved such as morphology. 
Therefore this medium was used throughout the course of the investigation as the 
benchmark for differentiation of branch rate. 
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Figure 37: The viscosity changed markedly over time in both the nitrate and phosphate limited 
cultures. Carbon limited culture did not demonstrate much deviation from the initial viscosity. 
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Figure 38: Branch rate of batch culture growth in carbon, nitrate and phosphate limited media. 
The studies described in this thesis lead to the adoption of bulk branching 
parameter (biomass concentration/hg) as our branching metric. This correlated the most 
strongly with culture viscosity (shear 
stress/shear 
strain). Bulk branching parameter is 
effectively, the density of branches in the culture and is a novel concept, 
developed during the course of these investigations. 
The high correlation between bulk branching parameter and viscosity suggested 
that this parameter could be an effective predictor of viscosity in cultures of 
filamentous micro-organisms. This could be especially significant for industrial 
processes where currently the seed quality is determined by growth rate growth 
rate rather than morphology or other culture properties (Abbott, personal 
communication). My studies suggest that a combination of bulk branching 
parameter with the rheological properties (flow index, n) of the culture would be 
sufficient for characterisation of the suitability of the seed culture as an 
inoculum. 
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5.7 Summary 
" For high density cultures a good parameter for understanding the effect of 
high biomass load upon the viscosity is to divide the viscosity by the 
biomass concentration to give the viscosity per unit biomass. 
" The bulk branching effect in the culture (a product of branching rate and 
biomass concentration) gave the highest correlation with viscosity, 
suggesting that this parameter could be a good predictor of viscosity in 
cultures of filamentous microorganisms. 
" This composite parameter and viscosity change in a co-ordinated manner in 
liquid culture 
9 After initial, range-finding experiments, it was decided to concentrate on a 
soluble complex medium and the phosphate limited defined medium as the 
switch from branched to unbranched morphology was the most predictable 
in cultures growing in these media. 
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6. Branch rate and differentiation within S. coelicolor FC1 batch 
culture 
The results from the initial batches of S. coelicolor FC 1 (Chapter 5) were 
reproducible. It was, therefore, decided to conduct a series of experiments, 
sampling at frequent time intervals, with 3 biological replicates, in order to 
facilitate precise determination of the time when the culture switched from 
branched to less-branched morphology and to provide a resource for future 
microarray studies. In collaboration with a colleague it was decided to take 
hourly samples during the exponential growth phase of S. coelicolor FC1 batch 
culture, eventually reducing the sample intervals to two hourly or less frequent 
within the later stages of the growth curve. This was perormed in a 3L 
Biosystems Bioreactor due to the increased number of samples that would be 
required. 
6.1 S. coelicolor FC1 batch culture in phosphate limited Williams' medium 
The experiment was to be repeated in triplicate, only using phosphate-limited 
Williams Medium (Appendix 1) (Williams, PhD Thesis 2000), as this was the 
medium type utilised throughout other experiments in this thesis. Early 
indications were that the biomass concentration was consistent between 
experimental batches, therefore this medium was pursued. The triplicate 
experiment was performed to generate microarrays from biological unique 
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samples from reproducible batch cultures. 
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Figure 39. Biomass concentration results for triplicate batches of S. coelicolor FC I with 
intensive sampling over the time-course 
The experimental results for biomass concentration attained a good 
reproducibility between each batch (Figure 39). All of the batches appear very 
similar in profile. The values for hyphal growth unit (and hence the branch rate) 
are also reproducible in the S. coelicolor FC 1 batch culture. 
When the biomass concentrations for the batches were compared with the branch 
rates, a reciprocal relationship was observed. Branch rate reduced in frequency 
and biomass concentration increased rapidly until approximately 42 to 50 hours 
(Figures 39 and 40). Between 50 and 60 hours, branch rate and biomass 
concentration stabilised, with minimal deviations, indicating the end of the 
exponential phase. Rate of branching demonstrated a very slight continuous 
decrease overall up to 80h. After this time fragmentation started to occur (data 
not shown Figure 39, presented in Appendix 3). 
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The inverse correlation between branching rate and biomass concentration was 
also clearly observed in these cultures, providing excellent material for 
microarray analysis of the transcriptome involved in branch formation. The 
measurement of branch rates within over the time course of the batch culture, 
sampled at regular intervals, in triplicate provided a valuable resource for future 
studies. 
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Figure 40. Morphological results of triplicate batches of S. coelicolor FC 1. 
All batches displayed an increase in viscosity over the time course (Figure 41). 
The positive correlation between bulk branching and viscosity was retained in 
the triplicate batches of S. coelicolor FC 1 grown in phosphate-limited defined 
medium (Figure 42). 
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Figure 41: Viscosity of S. coelicolor FC 1 
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6.3 Summary of Findings 
0 S. coelicolor FCI in phosphate-limited batch culture is a reproducible 
model for microarray analysis of the transcriptome involved in branch 
formation. 
" The inverse correlation between branching rate and biomass concentration 
has been retained in S. coelicolor FC 1 experiments. 
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7. Batch Culture of S. coelicolor FC1 Peptidoglycan Biosynthesis 
Inhibitor Mutants 
In order to examine the theory that it is a step within the peptidoglycan 
biosynthesis pathway that may be involved within the formation of branches and 
therefore affecting the hyphal growth unit length, flexibility of the hyphae and 
associated efficiency of production within industry, the objective was to effect 
altered branching rates within S. coelicolor FC 1 by mutation through exposure to 
peptidoglycan synthesis inhibitors. The antibiotics used were tunicamycin and 
bacitracin as resistance to these antibiotics had been shown to exhibit altered 
hyphal fragment strength (Wardell et al . 
1999). It was hypothesised that mutants, 
resistant to a specific inhibitor would have increased activity of the enzyme 
target of that inhibitor, in order to allow survival of the mutants in the presence 
of the antibiotic. The secondary objective was to compare microarray data for 
these mutants with the results obtained from the wild-type S. coelicolor FC 1 thus 
enabling hypothesis generation with regards to the role of the peptidoglycan 
synthesising enzyme steps in branching. 
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7.1 Batch culture results of S. coelicolor FC1 
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Figure 43: Batch culture results of S. coelicolor FC I in defined phosphate-limited Williams' 
medium 
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Figure 44: Batch culture results of S. coelicolor FCl in defined phosphate-limited Williams' 
medium 
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Figure 45: Bulk branching Batch culture results of S. coelicolor FC 1 in defined phosphate- 
limited Williams' medium 
The results for the S. coelicolor FC 1 (Figures 43 to 45) were then compared to 
the peptidoglycan inhibitor resistant mutants. 
7.2 Batch culture results of S. coelicolor FC1 tunicamycin resistant mutant 
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Figure 46: Batch culture of S. coelicolor FC 1 tun' 
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The results obtained from the tunicamycin resistant mutant (Figure 46) indicated 
the profile of the course of the batch culture. The graph shows biomass 
production, an associated increase in viscosity and also production of the 
secondary metabolite, RED. Secondary metabolite production can be seen to 
initiate a few hours after phosphate depletion (Figure 47). 
Biomass concentration was roughly equivalent to that of the "wild type" S. 
coelicolor FC 1, with an average biomass concentration of approximately 1.5 g L- 
1 at the start of stationary phase of the growth curve, overall this was reduced by 
approximately 0.1 g L. A secondary peak in biomass appeared at 90hours, this 
could be attributed to the advent of short burst of growth due to nutrient release 
from the lysis of aged cells (which would also have a morphology more 
susceptible to breakage). Viscosity was increased in the less frequently branched 
mutant, even though biomass was similar to the wild type FC 1, which suggested 
another contributing factor. Branching rate at the start of the batch culture was 
0.0389 branches per pm, and decreased to 0.024 branches per µm. In 
comparison, the wild type FC1 branch rate never decreased below 0.0354 
branches per µm from the initial highly branched 0.0618 branches per gm at the 
start of batch culture. Illustrated are the branch rates of the batch culture, which 
decreased "step-wise" in comparison with the phosphate concentration and 
inversely to the viscosity (Figure 44). 
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Figure 47: Batch culture of S. coelicolor FC I tun'. 
RED production attained an average maximum of 0.01377 g' L-1 from 60 h to 
100 h with a final increase to 0.01917 g-1L-1 (Figure 47) in contrast to the wild 
type FC1 which plateaued at 0.035 g1L-1 and peaked at approximately 0.0467 g - 
1L1 of undecylprodigiosin. This is almost half the productivity per gram of 
biomass per litre in comparison to the wild type. 
This therefore suggests that the production of antibiotic is not solely directly 
linked to increased branch rate - and that there is an alternative cascade which 
can then diverge to influence differentiation both physically and metabolically. 
The increase in the RED at the end of the batch could be attributed to cell lysis - 
which could also be contributing to the increase in biomass concentration. 
If each antibiotic production site is at a fixed distance from the hyphal tip (Martin 
and Bushell, 1996) then decreasing the branch rate will decrease the number of 
tip and hence the number of antibiotic production sites, also accounting for the 
decreased production. 
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Figure 48: Bulk branching and viscosity of S. coelicolor FC I tun` batch culture. 
Further analysis indicated that the relationship between the bulk branching rate 
and the viscosity was closely correlated up to 60 hours when there was a 
departure from the curve of the viscosity (Figure 48). 
- 110 - 
PhD Thesis 2008 Michaela de Vial 
7.3 Batch culture of S. coelicolor FCI bacitracin resistant mutant 
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Figure 49: Batch fermentation of S. coelicolor FC 1 bac'. 
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Biomass concentration, viscosity and the secondary metabolite production of the 
antibiotic undecylprodigiosin (RED) appear co-ordinated in their increased 
values. All parameters underwent an initial lag phase to approximately 30 hours 
and increased to a maximum value between 85 and 95 hours. Exponential growth 
phase ended at approximately 42 hours, although a slowed rate of biomass 
accumulation within the fermenter vessel continued to 95 hours. S. coelicolor 
bad the growth curve plateaued at a biomass concentration of approximately 1.2 
g L-1 (Figure 49). Viscosity was reduced in comparison to that observed in the S. 
coelicolor tunr mutant, biomass concentration was also reduced. 
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Figure 50: Batch fermentation of S. coelicolor FC 1 bac`. 
The hyphal growth unit in the S. coelicolor FC 1 bac' was 15.623 µm at the start 
of the fermentation and peaked at 30.903 µm after 66 hours. The reciprocal value 
of this - the branch rate, decreased from 0.064 to 0.0324 branches per µm - 
similar to the wild type. Viscosity achieved a maximum at 90 hours with 
apparent viscosity of 2.08 cP. Fragmentation was starting to occur at this time, 
which coincided with the highest biomass concentration, therefore it could be 
assumed that viscosity could hence not be attributed solely to a change in 
branching rate. 
The decrease in phosphate concentration over the time course, was mirrored by 
the branch rate which followed the rapid descent, in contrast to secondary 
metabolite production of the antibiotic undecylprodigiosin (RED), the 
concentration of which increased under decreased phosphate availability and 
reduced branching frequency. 
RED production in the increased branching mutant was much higher than in the 
less branched tunicamycin resistant mutant and comparable to S. coelicolor FC 1. 
The production per unit biomass was much increased in comparison to the wild 
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type and tunicamycin resistant strains. Combined with the results of Martin and 
Bushell (1996), who theorised that the site of antibiotic is located a fixed distance 
from the growing tip, the increased branch rate results in an increased number of 
tips and hence the number of antibiotic production sites, accounting for the 
increased efficiency of antibiotic production in the more frequently branched 
mutant. 
Bulk branching and viscosity was positively correlated in the S. coelicolor FC 1 
bacr mutant as in the other strains (Figure 51). 
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Figure 51. Bulk branching correlated with viscosity in batch culture of S. coelicolor FC 1 bacr 
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7.4 Summary 
Mutation of S. coelicolor FC 1 to peptidoglycan synthesis inhibitors yielded the 
following results: 
" Batch cultivation of a tunicamycin resistant mutant of S. coelicolor 
FC 1 demonstrated a reduced branch rate, a decreased antibiotic 
production and an increased viscosity per unit biomass in comparison 
to the wild type. 
9 Batch cultivation of a bacitracin resistant mutant of S. coelicolor FC1 
demonstrated an increased branch rate, an increased antibiotic 
production and a similar viscosity per unit biomass in comparison to 
the wild type. 
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8. Branching rate is affected by dilution rate 
Michaela de Vial 
In order to further characterise the mechanism of branching from the results 
obtained in batch cultures, the aim was to try and elucidate a pattern of branching 
within chemostat culture. The final target was to be able to generate reproducible 
branching rates by different dilution-rates in continuous culture within a defined 
medium. This could therefore theoretically prove that there is a direct 
relationship between branch-rate and growth-rate (dilution rate) within S. 
coelicolor FC 1. The predicted outcome from the previous experiments within the 
batch indicate that i. e. increased branch-rate at high growth-rates, and decreased 
branch-rate at lower growth-rates. 
8.1 S coelicolor FC1 Chemostat Experiment 
Chemostat experiments were set up using dilution rates of 0.04 h-1 and 0.1 h"1. 
These were run as 1.5 litre batch for the first 24 hours before progressing to 0.04 
h-1 and then 0.1 h-1. Samples were removed once the batch had achieved steady 
state and then subsequent samples were removed after each generation time. 
As predicted from the experimental results of the batch series of experiments, 
there was an increased rate of branching under conditions with increased 
nutritional availability. The average hyphal growth unit at a dilution rate of 0.04 
h"1 was 28.275 µm with a standard deviation of 5.673 gm, in comparison with 
this the higher dilution rate of 0.1 h-' which is the equivalent of exponential 
growth phase (as seen in batch experiments, ) generated an average hyphal 
growth unit of 18.887 gm with a standard deviation of 4.186 gm. 
This illustrated that dilution rate and associated growth rate does influence the 
length of the hyphal growth unit, indicating also that it is not age related or 
"maturity parameters" that result in an altered rate of branching. 
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Figure 52: Relationship bulk branching parameter in chemostat culture of S. coelicolor FC 1 run 
at dilution rates of 0.04 h-' and 0.1 h -'(turquoise= 0.04 h-1 and yellow = 0.1 h -1) 
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Figure 53: Correlation of bulk branching parameter with viscosity in chemostat cultures of S. 
coelicolor FC 1 run at dilution rates of 0.04 h-1 and 0.1 h-1. 
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0.1 h-' 0.04 h"' 
HGU m 18.0157 18.4678 20.1781 28.5476 28.3783 29.3851 
Branch Rate 
(1/HGU) 0.055507 0.054148 0.049559 0.035029 0.035238 0.034031 
Bulk Branching 0.225359 0.193851 0.178081 0.126105 0.123334 0.122511 
Viscosity cP 13.09 11.53 10.83 8.91 9.87 10.21 
K 348.5 293.1 319 256.1 238.4 296.8 
N 0.41 0.41 0.39 0.4 0.43 0.4 
Viscosity/dw 3.224138 3.22067 3.013943 2.475 2.82 2.836111 
k/dw 85.83744 81.87151 88.77633 71.13889 68.11429 82.44444 
Table 2: Numerical data obtained from chemostat culture of S. coelicolor FC 1 run at dilution 
rates of 0.04 h-` and 0.1 h-'. 
All of the chemostat samples removed for both dilution rates and varying hyphal 
growth units demonstrated non-Newtonian rheology and flow index values of 
approximately 0.4 (Scale of 1= Newtonian and 0= non-Newtonian in 
behaviour). 
Viscosity was slightly lower in the less branched culture obtained at 0.04 h-1 
dilution rates. Bulk branching values were also lowest with respect to the dilution 
rate of 0.04 h-1. This could be observed to be half the value of 0.1 h-1 bulk 
branching values yet still gave higher viscosities proportionally. This suggested 
that the reduction in branch rate created an effect that cannot be accounted by 
any of the parameters measured thus far. However, bulk branching as a 
parameter for the measurement of density of branching elements is still 
conserved as the best correlation of fit with the results. 
The high dilution rate within the bioreactor gives an artificial model of the 
exponential phase of growth within the bioreactor. As seen in the early stages of 
batch cultures the branch rate is much higher. This can be related to the increased 
substrate availability under these conditions. The lower dilution rate can be 
related to the stationary phases within a batch culture. This also demonstrated the 
same decreased branch rate under conditions of lower substrate availability. 
Summary 8.2 
It can be deduced that branch rate and growth rate of filamentous organisms are 
both co-ordinately regulated by the availability of nutrients (Chapter 1). It is this 
reaction to substrate availability is this that is used to exploit and manipulate 
micro-organisms, and permits the use of chemostat for study of physiology and 
momholcirv linder defined conditions. 
-117- 
PhD Thesis 2008 Michaela de Vial 
9. Addition of peptidoglycan synthesis inhibitors affects the rate 
of branch formation of S. coelicolor FC1 
It had been demonstrated via the batch experiments (Chapter 7) that mutation by 
exposure to peptidoglycan synthesis inhibitors generated an alteration in the rate 
of branching in S. coelicolor FC 1. The next natural progression was to see if 
exposure to these antibiotics could also generate a response. 
To determine the effects of addition of peptidoglycan synthesis inhibitors, they 
were introduced at sub-lethal levels, to chemostat cultures of wild-type S. 
coelicolor FC 1 at dilution rates of 0.04 h-1 and 0.1 h"1. The two inhibitors that 
were used in this experiment were bacitracin and tunicamycin. From the earlier 
experiment of Wardell et al. (1999) it had been seen that resistant mutations to 
these antibiotics resulted in either an increase in branch rate in the case of 
bacitracin resistance, or a decrease in branch rate with resistance to tunicamycin. 
In the previous chapter, equivalent results were described for wild type S. 
coelicolor FC 1. 
Bacitracin, which induced increased branching in mutants, was added to highly 
branched cultures to test the theory that the reaction of wild type would actually 
be the inverse - and result in a decreased branch rate due to inhibition of the 
enzymes responsible for the change in branch rate in the wild type. 
Sub lethal amounts of antibiotic were added to the medium to provide a gradual 
introduction of the inhibitor to the chemostat, the culture was left for at least 
three volume changes before biomass samples were collected. Once the biomass 
concentration had steadied then samples were taken allowing three generation 
changes between each one. 
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Figure 54. Illustration of the addition of cell wall targeted antibiotics upon dilution rates 0.04 h-' 
and 0.1 h-`. The circular data points are the untreated growth rates - with those treated shown as a 
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Chemostat culture samples obtained from a dilution rate of 0.04 h-1 with 
tunicamycin addition demonstrated similar branch rates to untreated chemostat 
cultures at a dilution rate of 0.1 h"1. A dilution rate of 0.1 h-1 plus bacitracin 
addition also displayed an altered branch rate, with a reduced formation of 
branches. 
The branch rate is influenced by the addition of the antibiotics (Figure 54). There 
is a clear difference in the branch rates at the same dilution rates when treated 
with the cell wall targeted antibiotics. It is the inverse effect demonstrated in 
comparison with to the effect of mutation of S. coelicolor FC 1 to produce 
mutants resistant to the cell wall targeted, peptidoglycan inhibitors. 
Addition of tunicamycin to a less branched sample grown at a dilution rate of 
0.04 h-I resulted in an increase in the frequency of branching and an increase also 
in associated viscosity. Bacitracin addition to the highly branched S. coelicolor 
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FC 1 generated an increase in the length of hyphal growth unit producing a 
decrease in branch rate and reduction in viscosity. 
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Figure 55. Effects of peptidoglycan biosynthesis inhibitor addition to growth rates of 0.04 h-1 and 
0.1 h"1 illustrated as the relationship between viscosity and hyphal growth unit 
The correlation between viscosity and hyphal growth unit value was investigated 
(Figure 55). The results depicted an absence of correlation between the data sets. 
An alternative measurement was required. 
Bulk branching parameter illustrated the change in branching, viscosity and 
biomass -a departure from the values obtained in control culture samples in 
comparison with cell wall synthesis inhibitor treated samples. Addition of 
tunicamycin resulted in an increase in bulk branching at 0.04 h-1 dilution rate, 
and bacitracin addition resulted in a reduction in the bulk branch rate at a dilution 
rate of 0.1 h-1. 
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Figure 56 Bulk branching parameter values for the dilution rates 0.04h-1 and O. lh-1 and the 
addition of antibiotics bacitracin and tunicamycin upon chemostat culture of S. coelicolor FC 1. 
Figure 57: Bulk branching parameter for the anttniotic treateu cnemustat culture saIupºcs 
Bulk branching parameter demonstrated good correlation (Figure 57), for 
samples at two different dilution rates treated with sub lethal concentrations of 
peptidoglycan biosynthesis inhibitors. A trend line generated an R2 value of 
0.9262. 
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10. Effect of cell wall biosynthesis inhibitor mutation upon 
branch rate of 
S coelicolor FC1 chemostat at two different dilution rates. 
Chemostat cultures of FC 1 bacr and FC 1 tunr were run at the two dilution rates of 
0.04 h"1 and 0.1 h-1, the same rates as S. coelicolor FC I (Chapter 9). Previous 
results of batch fermentation indicated that the tunicamycin resistant mutant of S. 
coelicolor FC I had a longer hyphal growth unit and therefore a reduced 
branching rate in comparison to the wild type, the inverse was noted for the 
bacitracin resistant mutant. The chemostat culture was set up to demonstrate the 
branching rates and subsequent gene expression within the different mutants 
under the same (or as close as possible) environmental conditions. 
Once analysed by image analysis using PC Image (Foster Findlay Associates) it 
could be seen that there was a clustering of the results obtained at the different 
dilution rates based upon hyphal growth rate and viscosity. The results as 
predicted indicate that 0.04D h-1 had a longer hyphal growth unit, due to the 
"searching" mechanism under reduce nutrient availability employed by bacteria 
and fungi of this morphology as detailed by Trinci (1979). 
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Figure 58. Hyphal growth unit (HGU) plots vs viscosity for S coelicolor FC1, S coelicolor 
FC 1 tun r and S coelicolor FC 1 bac r grown within a chemostat at a dilution rate of 0.1 h-' and 0.04 
h-'. There was a good separation in values of HGU between the two different growth rates. 
When the HGU results of the mutants were plotted at the two different dilution 
rates the results of the lower dilution rate, 0.04 h-1 were similar in all strains 
(Figure 58). It could be that additional external (environmental) nutritional 
stresses placed upon the organism at the low growth rate over-rode the "natural" 
branching rate of the mutant. HGU values for each strain were well separated at 
a dilution rate of 0.1 h-1. However when the organism was grown at a higher 
dilution rate, it was therefore growing at a higher growth rate with a greater 
nutrient availability which enabled both strains of organism to grow and branch 
at a rate dictated by genes associated with primary metabolism, and with a 
reduced association with the "stressed" response. 
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Figure 59. Bulk branching results for S. coelicolor FC 1 tun' and S coelicolor FC 1 bac ` grown 
within a chemostat at a dilution rate of 0.1 h-'. 
For this reason the 0.1 h-1 dilution rate data results were used for the analysis of 
branch rate and morphology. There was a significant difference between the 
length of hyphal growth units between the different strains at this dilution rate 
(Figure 59). The correlation when plotting the bulk branching variable (Figure 
60) as found in the previous batch experiments, indicated that for this experiment 
it was a suitable measurement and could be used for direct comparison. The 
environmental conditions being as close as could be replicated by use of the 
chemostat, to generate reliable reproducible results for microarray analysis. 
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Figure 60: Bulk branch parameter and viscosity correlation for the S. coelicolor FC1 and mutants 
grown in chemostat culture at 0.1 h-1 dilution rate. 
The average hyphal growth unit (HGU) length of the tunicamycin resistant S. 
coelicolor FC 1 measured 23.323 µm with a standard deviation of 1.441 µm. The 
bacitracin resistant mutant HGU was an average of 17.246 µm with a standard 
deviation of 2.243 µm. When compared with the wild type at the same dilution 
rate which yielded a hyphal growth unit length of 18.887 µm there is an 
alteration in branch rate by mutation with cell wall biosynthesis inhibitors. The 
relatively small error indicated that this mutational effect was conserved 
throughout the different chemostat samples. 
S. coelicolor FC 1 tun' displayed a less branched morphology in comparison to S. 
coelicolor FC 1 and the mutant strain, S. coelicolor FC 1 bacr. This less branched 
behaviour is commonly associated with the "searching" mechanism employed in 
the soil environment when nutrients become limited or threatened (Chapter 1). 
However under these "equal" conditions within the chemostat there should be no 
limitation or additional environmental factor inducing a change in branch rate. 
Therefore it could be assumed that the transcriptome analysis of these samples 
should generate more definitive results indicative of genes more directly 
implicated in the frequency of branch formation . 
Unlike the antibiotic addition results, there is a decrease in viscosity per unit 
biomass in the more highly branched S. coelicolor FC1 bacr in comparison with 
-125- 
il. 
PhD Thesis 2008 Michaela de Vial 
the less branched S. coelicolor FC 1 tunr (Table 3). This result confirmed that the 
highly branched form, produced in discrete units, is preferable for industrial 
bioprocesses involving filamentous microorganisms. 
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11. Peptidoglycan Biosynthesis and Branch Rate 
11.1 Summary: 
The tunicamycin resistant strain demonstrated a decreased branching rate in 
comparison to the wild type. The bacitracin resistant strain displayed an 
increased branching rate. Exposure to sub-lethal concentrations to both of these 
antibiotics resulted in the inverse effect upon branch rate to that seen in the 
mutant resistant to each antibiotic. The following is an explanation of results 
involving S. coelicolor FC I peptidoglycan inhibitor resistant mutants and the 
effect of exposure to these on the wild type S. coelicolor FC 1. 
11.2 Hypothesis: 
Creating resistant mutants affected the branch rate as follows (Chapter 7): 
Decreased -linked peptidoglycan W 
(Previous project) branching L... _. PENICILLIN. CEPHALOSPORIN LA 
L 
Growing pepddoglycan (not cross-linked) 
i -VANCOMYCIN, RISTOCETIN 
(Previous and 
current project) 
(Previous and 
current project) 
W 
lipid 
Increased 
branching 
BACITRA 
UM 
trfp. ptld" 
- M 
ModNication E 
to peptides m 
i R 
lipid MG A 
tunicamyci N 
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Figure 61: Biosynthesis of peptidoglycan. M= N-acetylmuramic acid, G- N-acetylglucosamine, 
lipid = lipid carrier molecule 
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Mutation to tunicamycin resistance resulted in an enhanced activity of the A 
tunicamycin resistant mutant has increased activity of the metabolic step that 
recycles the lipid carrier, thus forcing the carrier to move faster and increasing 
the incidence of the carrier arriving "empty" at the peptidoglycan biosynthesis 
point. The lower the specific rate of precursor delivery, the less likely it is that 
branching will take place. In a nutrient-poor situation, the precursor delivery rate 
could also, conceivably, be decreased, leading to low branching rate, a 
mechanism that has evolved so that the hyphae is forced to search for a new 
microhabitat. 
A bacitracin resistant mutant has increased activity of the step that binds the 
precursor onto the carrier, resulting in increased branch rate. In a nutrient rich 
environment it is reasonable to assume that the supply of precursor will be 
maximal, thus increasing the hyphal coverage area by maximum branching. As 
observed, one would not expect the effect on branch increase to be as great as 
that on branch decrease as the branching rate of the wild type should be close to 
maximum. The mutation is presumably helping the carrier "mop up" all available 
precursor molecules. 
Treating un-mutated hyphae with tunicamycin will slow down the lipid recycling 
step making sure that empty carrier delivery is less likely to occur, hence higher 
branching rate. Treating un-mutated hyphae with bacitracin will result in 
decreased branching as the rate of the carrier picking up precursor will decrease. 
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12. Comparison of Mutants to S. coelicolor M145 
Mutation to cell wall biosynthesis inhibitors results in altered gene 
expression. 
The analysis of the gDNA of the peptidoglycan inhibitor-resistant S. coelicolor 
mutants, in comparison to S. coelicolor FC 1 and S. coelicolor M145 using oligo- 
microarrays was carried out in order to determine any differences between the 
genomes of the FC 1 mutant and the parental M 145. 
12.1 Comparative genomic hybridisation of S. coelicolor FC1 Mutants 
The results of the gDNA microarrays were compared to a control of S. coelicolor 
M145. Increased or decreased expression values in S. coelicolor FC 1, or in the 
cell wall biosynthesis mutants (S. coelicolor FC 1 tun' and S. coelicolor FC 1 bacr) 
were used to determine up-regulation (or copy number increase) or down- 
regulation (or possible deletion) of the genes. 
Figure 62 depicts a typical interface for the comparative genomic hybridisation 
results of S. coelicolor M145 (control) and S. coelicolor FC I bacr (raw). The 
comparison of the data yielded similar expression values therefore a low fold 
change value was utilised. The relatedness of the strains, as all have originated 
from S. coelicolor M145 caused close lying expression values for the majority of 
gene, therefore a low fold change of 1.45 fold was able to be utilised for the 
separation of up-regulated or down-regulated genes. 
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This produced enough differentiation in order to generate results requiring 
further inspection. This in combination with the PMU list (as discussed, Chapter 
3) was used to select the "outliers" (genes) that appeared either side of the 1.45 
fold criterion (Figure 62). If the genes were on the control side of the fold-change 
line then they were deemed to be present or up-regulated in S. coelicolor M145, 
therefore down-regulated or absent in the mutant. If they occurred to generate a 
greater than 1.45 fold change on the raw value side of the fold-change line they 
were identified as being present, or up-regulated in the mutant and down- 
regulated or absent in S. coelicolor M 145. 
Lists were generated of all of the mutants S. coelicolor FC 1 cell wall 
biosynthesis mutants, S. coelicolor FC 1 tun' and S. coelicolor FC 1 bac' as up and 
down-regulated in comparison to the control. These were compared to each other 
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Figure 62: Genespring representation expression of S. coelicolor M145 (bottom) and S. 
coelicolor FC 1 bacr (vertical axis) 
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to identify mutual genes, which could therefore be speculated to be from the 
parent S. coelicolor FC 1. 
12.2 S. coelicolor FC1 wt genes 
Genetic analysis was carried out of the S. coelicolor FC 1 mutant that had been 
generated during the PhD study of R. S. Williams (2000). As this was a 
phenotypic mutant, selected via growth of S. coelicolor M145 at high dilution 
rates in chemostat culture to produce a freely dispersed filamentous form, it was 
assumed that no additional genes had been introduced into FC 1 only increased or 
reduced copy numbers compared to M 145. 
Gene I. D. Description 
S000012 SCJ30.07c, unknown 
S000038 I SCJ4.19c, partial CDS, possible sigma factor, 
S000046 SCJ4.27, possible hydrolase 
S000088 SCJ 11.17c, possible secreted beta-lactamase 
S000162 SCJ1.11, unknown 
SCOO191 SCJ12.03c, crtY, probable lycopene cyclase 
S000260 SCF1.02, unknown 
SC04727 SC6G4.05, rpsM 
SC06650 SC4G2.24, unknown 
SC06906 SC1 B2.12c, unknown. Contains a 4xRPPHSPGPTPPRTKD repeat 
towards the C-terminal. Note low G+C content of this CDS (57.23 %) 
Table 4: Genes up-regulated in the S. coelicolor FC 1 mutant in comparison to the wild type S. 
coelicolor M145. 
S. coelicolor FC 1 displayed a less branched and non-pelleted phenotype in 
comparison to the wild type S. coelicolor M145. This behaviour is commonly 
associated in wild type strains with the "searching" mechanism employed in the 
soil environment when nutrients are scarce (see discussion in Chapter 1). 
S. coelicolor FC 1 was found to have an increased copy number (compared to 
M145) of a gene with a high likely-hood of being a beta-lactamase. In the 
parental strain, this would have evolved in the natural environment to combat 
beta-lactam antibiotic secretion from competitors. Presumably, in FC 1, its 
increased copy number indicates some involvement in cell-wall biosynthesis, 
consistent with its altered morphology. Other genes identified as up-regulated or 
present in higher copy numbers in the FC 1 mutant as opposed to the M 145 are as 
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listed in the table above. As none of the known genes appear to have an obvious 
relevance to the altered morphology of the phenotype of FC 1, one can only 
speculate that the unknowns (Table 5) are responsible for FC 1's morphology. 
Gene I. D. Description 
S000016 SCJ30.12, unknown, predicted by GC Frameplot 
S000193 SC, 112.05c, possible DNA-binding regulator. 
S000195 SCJ12.07, possible lipoprotein. Contains an N-terminal signal sequence 
and a PS00013 Prokaryotic membrane lipoprotein lipid attachment site. 
S000291 SCF85.19, possible binding protein dependent transport protein. 
S000325 SCF12.04, unknown. 
S000331 SCF1 2.10, possible short chain oxidoreductase (putative secreted 
protein). 
S000386 SCF62.12, putative asparagine synthetase, 
S000396 SCF62.22, unknown. 
SCO1356 2SCG61.38, possible iron sulphur protein (putative secreted protein). r 
SC04545 2SCD4.16, hypothetical protein 
SC05628 SC6A9.39c, probable integral membrane protein C-terminus is similar to 
many phosphatidate cytid I ltransferases 
Table 5: Genes down -regulated in the S. coelicolor FC 1 mutant in comparison to the wild type 
S. coelicolor M 145. 
Genes down-regulated in the FC 1 mutant compared to the M 145 "wild-type" are 
as listed in Table 5. The following genes were selected from the results as being 
of interest with respect to cell wall association and antibiotic production. 
S000331, a short chain oxidoreductase from the actinorhodin biosynthesis 
cluster. Actinorhodin production was observed to be reduced in comparison with 
the wild type S. coelicolor M145 within the liquid grown cultures, yet was still 
evident upon solid grown cultures, in contrast undecylprodigiosin production 
appeared greater within the S. coelicolor FC 1 mutants in comparison with M 145. 
S000361, a putative aspargine synthetase is similar to the glutamine hydrolysing 
enzyme within Mycobacterium tuberculosis. This could be significant with 
respect to the exterior membrane of the S. coelicolor genus. 
SC05628 (phosphatidate cytidyltransferase) is also down regulated. 
Phosphatidate cytidyltransferase is responsible for the catalysis of the reaction: 
CTP + phosphatidate,, `diphosphate + CDP-diacylglycerol 
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The resultant products of this reaction and the enzyme itself are involved in 
phosphotidylinositol signaling and glycerophospholipid metabolism. The 
presence of increased or decreased glycerophospholipid in the membrane could 
be a contributing factor towards fluidity and the subsequent morphology of cell 
membranes. 
The morphological variation between the S. coelicolor M 145 and S. coelicolor 
FC 1 could not be attributed to a difference in branch rate, as the branch rate of S. 
coelicolor could not be elucidated due to its pelleted nature when grown under 
the same conditions as the phenotypic mutant. Many of the genes associated with 
the comparison could be merely the distinction between pelleted and non- 
pelleted culture. Anything up-regulated in S. coelicolor M 145 could, therefore, 
be predicted to be associated with pelleted culture, and any gene with increased 
expression within S. coelicolor FC 1 could be theorised to be associated with non- 
pelleting characteristics of broth culture. FC 1 could be assumed to actually be the 
equivalent to M 145 in a non-pelleted freely filamentous form. 
12.3 S. coelicolor FC1 bacr vs S. coelicolor M145 
S000123 SCJ21.04c, unknown 
S000026 SCJ4.07, possible secreted protein. Also contains PS00013 Prokaryotic 
membrane lipoprotein lipid attachment site. 
S000154 SCJ1.03c, unknown 
S000162 SCJ 1.11, unknown 
S000180 SCJ1.29c, unknown. Contains a Pfam match to entry PF00582 Usp, Universal 
stress protein family 
S000213 SCJ12.25c, possible nitrate/nitrite transporter protein, 
S000225 SCJ9A. 04c, unknown, predicted by amino acid usage. 
S000227 SCJ9A. 06c, unknown, predicted by GC Frameplot and amino acid usage. 
S000260 SCF1.02, unknown 
S000283 SCF85.11 c, unknown. 
S000320 SC5G9.29, hypothetical protein 
S000325 SCF12.04, unknown, 
S000356 SCF41.15, probable oxidoreductase 
SCO1356 2SCG61.38, possible iron sulphur protein (putative secreted protein) 
SC03553 SCH5.16c, putative small membrane protein, 
SC03554 SCH5.17c, possible integral membrane protein 
SC03557 SCH5.20c, possible septum site associated protein, 
SC03558 SCH5.21, probable morphological differentiation-associated protein 
SC03560 SCH5.23, possible ATP-binding protein 
SC03561 SCH5.24c, possible lipoprotein 
SC03562 SCH5.25, possible integral membrane transport, sulfate transporter family 
Table 6: Genes up-regulated in the more highly branched mutant - S. coelicolor ILl bac' 
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12.3.1 Increased expression in S. coelicolor FC1 bac' 
The highly branched S. coelicolor FC 1 bacr, which was more highly branched 
than FC 1 and the FC 1 tunr was compared to the wild type M145. There is an 
entire gene "series" up-regulated in this highly branched mutant (Table 6). These 
genes identified were SC03553 to SC03558 and SC03560 to SC03562 
inclusive. These all appear to be related to the cell membrane, morphology (see 
below) and transport. 
There is a notable increase in prevalence of a septum site determining protein, 
SC03557. This generated the greatest increase in "fold change" of all of that 
displayed increased expression in the mutant. This indicated that it is definitely a 
gene that should be further investigated. An increase in septum sites and 
subsequent differentiation is a possible precursor to an increase in branch rate. 
Other genes which have been up-regulated that appear be more associated with 
the environmental conditions in which one would associate the more dispersed 
form include a polyketide synthase. This may be associated with an increase in 
antibiotic production in the branched mutant in batch culture. There are also 
several membrane associated and membrane lipoprotein lipid attachment sites 
coding genes within the up-regulated bacr genes which may affect the format or 
make-up of the cell membrane and therefore could affect the fluidity and 
subsequent feasibility of morphological differentiation within the more branched 
mutant. 
12.3.2 Decreased expression in S. coelicolor FC1 bacr 
The genes of possible interest identified by CGH as down-regulated in S. 
coelicolor FC 1 bacr were as follows (Table 7): 
S000182, a doubtful CDS which contained a TTA coding sequence possibly 
involved in regulation of bldA, known to affect the cascade of differentiation on 
solid grown cultures. 
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SCO0246 an integral membrane protein, and S000354 a binding dependent 
protein transport protein with multiple membrane spanning hydrophobic 
domains. Both may affect the cell membrane in terms of fluidity and also by 
alteration of the charge. No literature was found containing these genes. 
After BLAST analysis of the unknowns nothing further of interest was generated 
for further analysis. 
Gene I. D. Description 
S000396 SCF62.22, unknown 
S000016 SCJ30.12, unknown predicted by GC Frameplot, Hidden Markov model 
and amino acid usage. 
S000056 SCJ4.37, unknown 
S000081 SCJ11.1Oc, partial CDS 
S000125 SCJ21.06, possible oxidoreductase 
S000158 SCJ1.07, probable oxidoreductase 
S000182 SCJ1.31c, doubtful CDS. Contains a TTA/leucine codon, possible target 
for bldA regulation. 
S000184 SCJ1.33 unknown 
S000186 SCJ1.35, crtE, probable phytoene dehydrogenase (phytoene 
desaturase) (putative secreted protein) 
S000191 SCJ 12.03c, crtY, probable lycopene cyclase 
S000217 SCJ 12.29, narH2, probable nitrate reductase beta chain 
S000246 SCJ9A. 25c, possible integral membrane protein. 
S000323 SCF12.02c, unknown, 
S000354 SCF41.13, possible binding-protein-dependent transport protein. 
S000388 SCF62.14, unknown, 
S000394 SCF62.20, unknown. 
S000589 SCF55.13c, probable lysR-family transcriptional regulator. 
SC02154 SC6G10.27c, possible integral membrane protein. 
SC05803 SC4H2.24c, lexA, probable SOS regulatory protein LexA. 
SC07578 SC5F1.32c, unknown. 
SCPI. 192 SCP1.192, unknown. 
Table 7: Genes d own-regulated in the more highly branched mutant - S. coelicolor FC 1 bac` 
12.4 S. coelicolor FC1 tun' versus S. coelicolor M145 
S000151 SCJ33.15, possible integral membrane protein. 
SC(001d7 . SCJ33.11 nnssihle trans-membrane transport protein 
S000195 SCJ12.07, possible lipoprotein. Contains an N-terminal signal sequence and 
a PS00013 Prokaryotic membrane lipoprotein lipid attachment site. 
S000294 SC5G9.03c, probable acetyltransferase. Similar to many acetyltransferases 
which inactivate vir iniam cin A-like antibiotics by acetylation 
SCO2167 SC5F7.34c, unknown. 
Table 8: Genes up-regulated in the less branched mutant - S. coelicolor VU I tun 
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12.4.1 Increased expression in S. coelicolor FC 1 tunr 
Very few genes were generated in the CGH analysis as over-expressed in S. 
coelicolor FC l tunr. However most of the genes over-expressed were membrane 
associated: S000151 - possible integral membrane protein, S000147 -a 
possible trans-membrane transport protein, S000195 -a possible lipoprotein. 
(Table 8) All of which could affect the membrane properties if up-regulated, 
however, as yet their functions are not characterised. 
12.4.2 Decreased expression in S. coelicolor FC1 tun' 
In the more branched S. coelicolor M 145 in comparison with the less branched S. 
coelicolor FC 1 tun` there were the same genes down-regulated in the tun` as up- 
regulated in the bac` therefore indicating that these genes may have an increased 
influence if present in higher copy numbers upon the branching behaviour of the 
Streptomyces. The genes down-regulated in the tunr similar to as in the bacr are as 
follows: SC03553, SC03554, SC03557, SC03558, SC03558, SC03560, 
SC03561, SC03562 (Table 9). 
S000025 SCJ4.06, partial CDS, 
, L; 0004o z5uj4. Lyc, UnKnown. 
S000058 SCJ4.39, unknown. 
S000283 SCF85.11 c, unknown.. 
S000287 SCF85.15, possible regulatory protein 
S000296 SC5G9.05, possible transcriptional regulator. 
{ SC02835 SCE20.09c, possible membrane protein 
SC03552 SCH5.15c, putative membrane protein. Contains possible hydrophobic 
membrane spanning regions 
SC03553 SCH5.16c, putative small membrane protein. 
SC03554 SCH5.17c, possible integral membrane protein 
SC03555 SCH5.18c, possible integral membrane protein. 
SC03557 SCH5.20c, possible septum site associated protein. 
SC03558 SCH5.21, probable morphological differentiation-associated protein 
SC03560 SCH5.23, possible ATP-binding protein 
SC03561 SCH5.24c, possible lipoprotein. 
SC03562 SCH5.25, possible integral membrane transport. 
SC06174 SC6C5.10, conserved hypothetical protein 
SCP1.07c SCP1.07c, unknown 
SCPI. 189 SCP1.189, unknown 
Table 9: Genes down-regulated in the less branched mutant - S. coelicolor rL i tun 
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12.5 Putative genes for morphological analysis 
Overall it can be seen that the genomes of S. coelicolor FC 1 and the 
peptidoglycan biosynthesis inhibitor mutants are, as expected, very similar to S. 
coelicolor M145. A presumptive list of genes of significance from the gDNA 
analysis of the different strains, therefore relative to the different branching 
nature are indicated in Table 10. All are up-regulated in the more frequently 
branched mutant. 
Gene I. D. Description 
S000283 SCF85.11 c, unknown 
SC03553 SCH5.16c, putative small membrane protein, Contains possible hydrophobic 
membrane spanning regions 
SC03554 SCH5.17c, possible integral membrane protein. Contains possible hydrophobic 
membrane spanning regions 
SC03557 SCH5.20c, possible septum site associated protein similar to involved in 
inhibition of morphological differentiation in Streptomyces azureus 
SC03558 SCH5.21, probable morphological differentiation associated protein almost 
identical to TR: 033611 (EMBL: AB004855) protein associated with inhibition of 
morphological differentiation in Streptomyces cyaneus 
SC03560 SCH5.23, possible ATP-binding protein 
SC03561 SCH5.24c, possible lipoprotein. . Contains possible N-terminal signal sequence 
and PS00013 Prokaryotic membrane lipoprotein lipid attachment site. 
ýý SC03562 SCH5.25, possible integral membrane transport, contains possible membrane 
spanning hydrophobic regions, similar to carbonic anhydrases. 
Table 10: Genes up-regulated in the more frequently branched mutant - S. coelicolor FC 1 bacr in 
comparison with the less frequently branched S. coelicolor FC 1 tun`. 
Figure 63: Genes highlighted as present from the gDNA results of the all microarrays were 
plotted for each mutant 
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Genes that appeared within all of the fold change information within the 
peptidoglycan biosynthesis mutants and S. coelicolor FC 1 were plotted. 
Normalised intensity of each gene was plotted according to each strain. The only 
genes that were apparently not correlated with the branch rate were SC03561 
and SC03562 (Figure 63) which within the less frequently branched wild type S. 
coelicolor FC I exhibited higher expression values in comparison with the more 
highly branched S. coelicolor FC I bacr. All others decreased with branch 
decreasing branch rate. Results indicate that the only genes that were up- 
regulated or down-regulated from the gDNA results, with normalised expression 
values that followed branch rate evident in all three were as follows: 
S000283, SC02835, SC03552, SC03553, SC03552, SC03554, SC03555, 
SC03557, SCO 3558, SC03560. 
Identified of particular interest is SC03557 (Tables 9 and 10), a possible septum 
site determining protein similar to minD. Nishiyama et al. (2000) carried out 
investigations into a strain of Streptomyces azureus (BaAl) which exhibited little 
aerial hyphae formation and increased vegetative growth. This phenotype carried 
a 2.5kb chromosomal DNA fragment on a high copy number plasmid, a product 
of the truncate orf2 on this plasmid was minD-like protein. When exposed to this 
strain, Streptomyces coelicolor A3 (2) was induced to produce 
undecylprodigiosin, at an early stage of growth. This up-regulation of this same 
gene in the bacitracin mutant and down regulation in the tunicamycin mutant 
suggests that this possible gene could have an influence upon the differentiation 
and morphology of Streptomyces coelicolor. According to the results of 
Nishiyama (2000) this gene, SCO3557 could have an impact upon the formation 
of branches, increasing the branch rate and therefore increasing the number of 
antibiotic production sites available. 
These genes are recognised as important, therefore batch and chemostat culture 
values will be monitored. However, it could be that the increased or decreased 
copy numbers of the gene in the different branching frequency mutants of S. 
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coelicolor FC 1 could influence the branching rate. Expression values denoting 
up-regulation or down-regulation may not necessarily vary between mutants, but 
the total copy number present could influence the morphology of the organism. 
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13. Rank Product Analysis - combined results from bacitracin 
and tunicamycin resistant mutants versus 
S. coelicolor FC I. 
The main focus of the chemostat culture experiments was to separate out the 
genes associated with morphological differentiation at a defined growth rate 
rather than trying to compensate for additional environmental aspects, and 
differing ages of culture within the sample. Transcriptome analysis of the 
different branching states obtained at high and low dilution rates in chemostat 
culture of the wild type S. coelicolor FC 1 was performed. These were compared 
with changes induced in FC 1 by the addition of peptidoglycan synthesis 
inhibitors, tunicamycin and bacitracin at the different dilution rates in chemostat. 
The results were analysed as described in Chapter 3 Materials and Methods. 
Rank product results with a cut-off of 0.15 pfp significance were used. Results 
from morphological analysis of S. coelicolor FC 1, S. coelicolor FC l bacr and S. 
coelicolor FC 1 tun' HGU and branch rate generated an additional selective 
parameter for comparison of microarray results (Table 11). Genes up-regulated 
with a pfp of less than 0.15 in more than one experiment were designated as 
belonging to either a more or less branched morphology when compared with a 
corresponding more or less branched mutant. For example, genes up-regulated in 
microarray expression results from S. coelicolor FC 1 bacr in comparison to S. 
coelicolor FC 1 tun' would be allocated to being representative of a more 
branched morphology. 
0.1 FC1 tun' 0.1 FC1 bac' 0.1 FC1 
HGU µm) 23.323 17.246 18.887 
Branch Rate 
(1/HGU) 0.0430 0.0587 0.0531 
Table 11. Results of morphological analysis of S. coelicolor FC 1, S. coelicolor FC 1 bac` and S. 
coelicolor FC I tun` in HGU and branch rate generated a selective parameter for comparison of 
microarray results. 
The dilution rate of 0.1 h-1 was used throughout the investigation. There was a 
more significant effect of dilution rate on branch rates observed at this dilution 
rate (Figure 52, Chapter 10). In addition the error generated by the selective 
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pressure of a lower dilution rate of 0.04 h-1 could have resulted in pre-selection 
of a longer hyphal growth unit, or a less frequent branch rate, due to 
physiological adaptation to the environmental conditions present within the more 
nutrient limited chemostat culture. In essence, there are two influences affecting 
the branch rate and subsequent microarray results from the bioreactor, dilution 
rate and mutation. 
In an attempt to ensure only the effect of the mutation is analysed, the dilution of 
0.1 h-1 was used. These results at a defined dilution rate will be essential within 
the microarray analysis of the transcriptome as it will remove effect of the stress- 
response transcription which could mask the branch rate effect by the substrate 
limitation at different growth rates. 
13.1 More branched results of S. coelicolor FC1, S. coelicolor FC1 bacr and 
S. coelicolor FC1 tun" in phosphate-limited chemostat culture at a dilution 
rate of 0.1 h-1 
Gene ID Description 
S000011 SCJ30.06c, unknown. Note large overlap with downstream CDS. 
S000643 SCF91.03c, possible secreted cellulose-binding protein, 
S000684 SCF15.05c, unknown 
SCO1432 SC6D7.07, possible membrane protein. 
SCO1998 SC7H2.12c, rpsA, 30S ribosomal protein S1 similar to many. 
SC02596 SCC88.07c, rpmA, 50S ribosomal protein 
SC03320 SCE68.18c, hypothetical protein 
SC03356 SCE94.07, sigE, ECF sigma factor previously sequenced therefore identical to SigE, 
ECF sigma factor from Streptomyces coelicolor 
SC03483 SCE65.19c, probable integral membrane transport protein, 
SC03687 SCH35.37c, unknown N-terminal region alanine-rich, C-terminal region glutamic acid- 
rich. 
SC03746 SCH22A. 24c, putative membrane 
SC03880 StH24.02, rpmH, probable 50S ribosomal protein L34 
SC04060 2SCD60.26, unknown contains TTA leucine codon possible target for bidA regulation 
SCO5240 2SC7G11.02c, wblE, hypothetical protein, identical to previously sequenced 
Stre tom ces coelicolor hypothetical protein WbIE 
SC05673 SC8B7.05c, chiB, secreted chitinase almost identical to S. lividans chitinase ChiB 
SC05705 SC5H4.29, hypothetical protein, 
SCO5906 SC10A5.11, probable transcriptional regulator 
SC06738 SC5F2A. 21, possible carboxypeptidase (putative secreted protein 
SC06883 SC7F9.35c, possible membrane protein. 
SC06946 SC1 G8.18, unknown 
SCO7106 SC4B10.07, conserved hypothetical protein. Streptomyces coelicolor hypothetical 9.7 
kDa protein WbIE 
SC07530 SC8G12.06c, possible regulatory protein. 
Table 12: Rank product generated genes with a pip cut-ott of U. 15 that are implicated in the 
more frequently branched S. coelicolor FC 1 and S. coelicolor FC I bacr mutants 
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Genes up-regulated from the microarray results in more frequently branched 
organisms were generated as a list (Table 12). For genes that were up-regulated 
in both S. coelicolor FC 1 and S. coelicolor FC 1 bacr and appeared to be of 
relevance to cell wall membrane biosynthesis and metabolism were further 
investigated (Table 12). 
13.1.1 WhiB-like proteins 
WhiB-like proteins (wbl) are small regulatory proteins found in actinomycetes, 
including those which are non-sporulating such as Mycobacterium (Solveri et al., 
1992, Solveri et al., 2000). This experiment, which utilised liquid culture, 
provided an environment less likely to induce sporulation. The wbl proteins were 
found in the results of experiments were represented by WhiB-like protein E 
(SC05240 and SC07106). One could speculate that the Streptomyces species is 
taking the alternative non-sporulating pathway as it is being "forced" to follow 
that route due to growth within liquid culture and lacking the solid growth 
medium that is thought to preclude sporulation in which this gene has been 
previously associated on solid culture. This therefore results in an up-regulation 
of the genes associated with vegetative growth. 
13.1.2 Factors affecting membrane fluidity 
Integral membrane transport proteins up-regulated include SC03483 and several 
membrane spanning proteins including SC06883, SC03746 and SCO1432. 
These were up-regulated within the more highly branched forms of the organism 
S. coelicolor FC I and S. coelicolor FC I bacr within chemostat culture 
in 
comparison to and S. coelicolor FC 1 tun', therefore may contribute to changes 
in 
the fluidity of the external cell wall and membrane. 
13.1.3 B1dA associated regulation 
SC04060, an unknown protein, is up-regulated within the more branched form. 
This has been labelled as a possible target for BldA regulation, and therefore 
could be dictating a non-sporulating physiology by having an up-regulatory 
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effect upon B1dA, increasing septation, and is therefore up-regulated within the 
more branched 0.1 h-' dilution rate. 
13.1.4 Cellulose binding proteins 
S000643 and SCO5673 are cellulose binding proteins which appear highly up- 
regulated at a high branch rate, indicating an increase in the utilisation of carbon 
rich cellulose from the soil within the natural environment that would normally 
be associated with higher growth rate. S000643 has also been described as 
similar to the chitin binding proteins. Cellulose binding proteins are up-regulated 
in a highly branched form, the preferred morphology for the rapid utilisation of 
nutrients in conditions of high nutrient availability. 
13.1.5 Metabolism Associated Genes 
Ribosomal proteins were up-regulated far more within the branched forms, as 
had been witnessed within the batch grown branched forms of the different 
actinomycete species. Within chemostat culture they could be listed as SCO1998 
(rpsA), SC02596 (rpmA) and SC03880 (rpmH). As stated previously, the higher 
branch rates appear commonly associated with a higher growth rate, even though 
all of these cultures were being grown under similar conditions - the differing 
branch rate (and associated growth rate) between the mutants resulted in these 
ribosomal proteins being highlighted. 
13.2 Less frequently branched results of S. coelicolor FC1 mutants at a 
dilution rate of 0.1 h"1 
In the chemostat the less branched morphology has been retained under the 
conditions of greater nutrient availability. The generation of less frequently 
branched hyphae is commonly associated with the "searching" mode employed 
by the organism when under nutritional stress . Up-regulated genes are as 
Table 
13. 
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S000682 SCF15.03c, unknown 
S000701 SCF42.11 c, unknown. Identical to the previously published Streptomyces coelicolor 
pleiotropic regulatory locus AbaA, OrfB 
S000702 SCF42.12c, possible regulator 
SCO1502 SC9C5.26c, possible secreted protein. Contains possible N-terminal signal peptide 
sequence 
SCO1543 SCL2.33c, putative membrane protein. 
SC01628 SCI41.11c, cvnC9, hypothetical protein. Similar to Streptomyces coelicolor 
SC9B1.14C hypothetical 12.8 kD protein,. 
5GU1 /11 6C: I11.1 Uc, hypothetical protein unknown tunction, possible CDS suggested by GC 
frameplot 
SCO1968 SC3C9.03, probable secreted hydrolase Bacillus subtilis glycerophosphoryl diester 
phosphodiesterase (EC 3.1.4.46) GIpQ. Contains possible cleavable N-terminal 
region signal peptide sequence 
SC02519 SCC121.22c, probable membrane protein. S. coelicolor putative membrane protein 
Actl l-3 
SC02717 SCC46.02c, ChpD possible small membrane protein 
SC02752 SCC57A. 23c, possible oxidoreductase 
SC02982 SCE50.10, possibleglycosyl transferase similar to S. coelicolor putative glycosyl 
transferase (fragment) SCC123.27. Bacillus subtilis teichoic acid biosynthesis protein 
F, TagF 
SC04174 SCD66.11 c, possible integral membrane protein. 
SC04175 SCD66.12c, hypothetical protein similar to S. coelicolor hypothetical 7.8 kD protein, 7 
Q%O%J7VJ0 JL OMy. L7, PI uuaulC Il Iteyl aI II ICI I ILI al IC PI ULGII I LI IIJ vf\r I laa aly flikany RJVV vv uiaa 
in FramePlot 
SC06430 SC1A6.19, possible integral membrane protein, N-terminus (start to as -400) is 
hydrophobic, C-terminus is proline-rich 
Table 13: Up-regulated genes in less branched samples. Results of the chemostat culture grown 
at 0.1 h-1 for the S. coelicolor strains FC 1, tun` and bac`. 
13.2.1 Chaplins 
SC02717, previously classified as unknown, when analysed through the BLAST 
function within the NCBI database, was found to be ChpD (Claessen et al., 
2003). As previously noted (Chapter 1, page 42), the chaplins are involved in the 
formation of aerial mycelium. ChpD has possible hydrophobic membrane 
spanning regions (scoDB database http: //strepdb. streptomyces. org. uk). This 
would therefore contribute to the properties of the hyphae - an increase 
in 
hydrophobicity or the charge on the membrane may contribute to increasing the 
ease with which the hyphae can extend between soil particles and require 
less 
energy and be more efficient in performing the "search" function. The chaplins 
have been found to be similar to the internalins found within Listeria 
monocytogenes. One such internalin, Internalin B, has been 
found to be 
associated with lipoteichoic acid, although it can also be found as a 
freely 
occurring form. This is significant in relation to the up-regulation of chpD 
in the 
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chemostat cultures with less branched morphology (Elliot et al., 2003) and the 
associated increase in teichoic acid. 
13.2.2 Teichoic Acid 
Teichoic acid related genes are also found to be up-regulated. SC02982, is a 
possible glycosyl transferase involved with similarity to Bacillus subtilis teichoic 
acid biosynthesis protein F, Tag F (scoDB database 
http: //strepdb. streptomyces. org. uk). Teichoic acid is a known component of the 
cell membrane of the gram positive bacteria. As previously theorised in the 
introduction, the composition of teichoic and teichuronic acids in the external 
cell membrane could vary according to the limitation of nutrients applied. Within 
this series of experiments all of the organisms were subjected to the same 
environmental conditions, and yet teichoic acid was up-regulated in cultures with 
a less branched morphology. This is in contrast to the previous prediction that the 
phosphate limitation itself would trigger the greatest branching difference and 
would generate the ratio of formation of teichoic and teichuronic acids. 
The up-regulation and increased presence of teichoic acids would alter the 
characteristics of the cell wall (Ward, 1981). This could affect rigidity and 
elasticity of the hyphal wall and therefore associated morphology (Prosser and 
Tough, 1991). 
13.2.3 Other genes up-regulated in the less branched morphology 
In less branched cultures of S. coelicolor FC 1 and the tunicamycin resistant 
mutant there was the up-regulation of SCO4174, This is consistent with the 
observations in the chemostat culture of S. coelicolor FC1 (Chapter 11). 
SC04174 had been described by Sprusansky et al. (2003), discussing it as 
relevant to the morphology and antibiotic production of S. coelicolor growing on 
solid medium. It was found to increase the rate of sporulation and pigmentation 
in S. coelicolor. For this to also be involved within this less branched form 
in 
liquid culture is logical, due to the association of the type with decreased nutrient 
availability, greater environmental stress and production of antibiotic. SCO4175 
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is also up-regulated in less branched cultures. The inclusion of each gene within 
the 0.15pfp cut-off is already significant, but the presence of both genes further 
increases the probability of these occurring as being very significant. 
SC06430, a possible integral membrane protein, up-regulated in less branched 
cultures selected, contains a hydrophobic N-terminus - continuing the theme 
touched upon earlier via the presence of ChpD. It is also similar to the major 
facilitator super family MFS-1 and the antibiotic efflux protein/ multi-drug 
resistance protein. Under environmental conditions where less branched 
morphology is observed, this could indicate the increased prevalence of 
antibiotics from all organisms within a nutritionally sparse environment 
including perhaps the resistance to the cultures own antibiotics. The increased 
hydrophobicity resulting from up-regulation of SC06430 could contribute to 
facilitating the passage of the hyphae between soil particles. 
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14. Genetic Analysis of S. coelicolor FC1 Chemostat Experiments 
Transcriptome analysis was carried out of the different branching states obtained 
at high and low dilution rates in chemostat culture of S. coelicolor FC 1. 
Oligo-spotted microarrays were used again for the genetic analysis of the 
chemostat samples for S. coelicolor FC I parental strain experiments. The 
qualitative analysis of the results was carried out using Genespring to produce 
the PMU list of genes followed by the Rank Products analysis (Breitling et al. 
2004). For the initial analysis of the expression data, the more stringent 0.15 pfp 
cut-off was used instead of p-value or rank product itself. Where there was little 
data using this method - the other statistical variations were used but at the same 
time realising that the significance of these may be less robust. 
Triplicate chemostat results were compared with each other at the two different 
growth rates, which also corresponded to different branch rates or hyphal growth 
units. It was hoped that the more "stable" environment of the chemostat as 
opposed to the batch culture would yield a better indication of the genes involved 
in determination of branch rate. The assumption within the experimental results 
was that increased gene expression within a more branched state resulted in the 
label being applied to that particular gene as "branched", and vice versa for "un- 
branched" genes. The initial comparison was of 0.1 h-1 verses 0.04 h-1, which 
averaged out with hyphal growth units of 18.8872 µm and 28.7703µm 
respectively (Table 14). These S. coelicolor FC 1 chemostats yielded the 
following results: 
0.1 FCI wt 0.04 FC 1 wt 'I 
HGU (µm) 18.0157 18.4678 20.1781 28.5476 28.3783 29.3851 
Branch rate 0.0555 0.0541 0.0496 0.0350 0.0352 0.0340 
HGU average (µm) 18.8872 28.770 
Branch rate average 0.0531 0.0348 
Table 14. Branching information on the chemostat samples at dilution rates of 0.04 h-' and 0.1 h-1 
used in the microarray experiments for S. coelicolor FC 1. 
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14.1 Rank product results for increased branching frequency in chemostat 
culture 
Expression data from the most branched samples obtained from chemostat 
cultures obtained at a dilution of 0.1 h-' were compared to the less branched 
samples from the 0.04 h-1 dilution rate. The analysis produced 59 genes that were 
significant according to the pfp cut-off of 0.15 (Appendix 3). There was only one 
gene from the pfp data that was also found in the "Genes of Interest" list that was 
originally compiled specifically for cell wall biosynthesis and branching 
(Appendix 2). 
14.1.1 SC03580 
The only gene which had initially been isolated from the genes of interest list 
(Appendix 2) which was up-regulated in the more branched physiological state 
was SC03580. Located in the conserved domain in this gene is a 
transglycosylase (Streptomyces Database - http: //strepdb. streptomyces. org. uk). 
This enzyme family is responsible for the polymerisation of peptidoglycan cell 
walls, and therefore is of interest. Increased expression could indicate increased 
polymerisation being required where branch points, and subsequent actively 
growing tips are formed. 
14.1.2 Flavohemoprotein 
Up-regulated at an increased branching frequency was SC07428 (hmpAl), 
which is described as a possible flavohemoprotein (Streptomyces Database - 
http: //strepdb. streptomyces. org. uk). The function of this protein is theorised as 
being used within bacteria in the same way as "haemoglobin" protein within 
human blood, as a transport protein or providing carrier of oxygen to aid the 
rapidly metabolising bacteria (Frey et al., 2003). Bacterial haemoglobin 
has 
been introduced via recombinant DNA technology into an industrial strain of S. 
erythraea (Minas et al., 1998). Oxygen uptake rate was increased, which resulted 
in increased production efficiency of erythromycin. From the results it appears 
that under conditions of increased growth rate S. coelicolor FC 1, and assumedly, 
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related species, up-regulate the expression of this gene to enable greater oxygen 
uptake. 
The majority of genes up-regulated displayed were associated with primary 
metabolism and the increased rate at which this occurs within the higher dilution 
(and associated growth) rate of 0.1 h-1 compared to the lower 0.04 h-1 dilution 
(growth) rate. SC04705, SC04702, SC04653 (rplB, rplC and rplL) which are 
50S ribosomal proteins are all up-regulated within the rapidly growing form of 
the bacterium As these are all involved in ribosomal action and therefore protein 
production it again is a function associated with the actively growing organism 
When compared to the previous chemostat results (Chapter 13) of the more 
branched mutants, the following genes were also up-regulated in at least 2 of 3 
experiments of the wild type experiments. 
s SRaar 
SC07392 SC1OG8.20, unknown. 
SC07206 SC2H12.05, possible membrane protein. 
SC07021 SC1H10.10, possible secreted protein. 
SC06673 SC5A7.23, unknown similar to proteins from Streptomyces and M. 
tuberculosis 
SC06616 SC1 F2.13c, putative secreted protein. 
SC04801 SCD63A. 12c, unknown. High content in alanine amino acid residues 
SC03364 SCE94.15, unknown. 
SC02774 SM 05.05c, acdH2, probable ac l-CoA deh dro enase. 
SC02587 SCC123.25c, proB, glutamate 5-kinase (EC 2.7.2.11). 
SC02018 SC7H2.32c, possible aminopeptidase. 
Table 15: genes present in the more branched S. coelicolor FCl and also in the branched S. 
coelicolor FC 1 cell wall biosynthesis mutant chemostat cultures at a dilution rate of 0.1 h-1 
None of the genes listed (Table 15) were investigated further. The only genes 
that may have been of interest were the unknowns or possible membrane 
proteins, which could affect properties of the cell membrane. BLAST analysis 
was performed, but no further information of relevance was retrieved. 
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14.2 Rank product results for reduced branching frequency in chemostat 
culture 
In the analysis of the less branched genes from the gene expression results of 
0.04 h-' verses 0.1 h-1, there were 65 genes that were up-regulated in this form 
that were of significance according to the pfp cut-off of 0.15 (Appendix 3). 
The genes were investigated further and the following are the only genes that 
appear suitable for further investigation: 
Only 3 genes were of interest according to the selection criterion applied from 
the specified list of "Genes of Interest"(Appendix 2). These were SC05240 
(wb1E a hypothetical protein), SCO2198 (glnA, a glutamine synthetase I) and 
SCO 1489 (bldD a putative DNA -binding protein). These were only found in the 
0.04 h-1 versus 0.1 h-1 up-regulated genes in samples that demonstrated less 
branched morphology. 
In the less branched results for the chemostat experiments, the only gene with 
increased expression generated in more than one experimental comparison 
(dilution rate 0.04 h-1 versus 0.1 h-1 replicates) was the gene SCO4174. This gene 
was also indicated in the less branched results obtained in the mutant chemostat 
experiments (Chapter 13). In addition, genes either side of the regulon - 
SCO4173 and SCO4177 were also up-regulated in the less frequently branched 
state, validating the significance of the finding. This gene has been identified by 
Sprusansky et al. (2003) as important in antibiotic production and morphogenesis 
of S. coelicolor, as yet there is no further information forthcoming on this 
particular gene or the surrounding cluster. 
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15. Transcriptome analysis of actinomycete batch culture 
Transcriptome analysis of the batch culture of S. coelicolor FC 1 was performed. 
These were compared with changes induced in FC 1 by different dilution rates in 
chemostat culture and any similarities were noted. 
It is difficult to differentiate the effect of the prevailing growth rate or any given 
parameter from effects due to other factors that are also changing in a batch 
culture. These include the possible effects over the time course of the batch 
culture evolving from the interaction of an increasing concentration of hyphal 
biomass with other hyphal moieties, the impellors and the walls of the bioreactor. 
Efficient aeration in bioreactors is important for the provision of oxygen to the 
rapidly metabolising organisms and also for the removal of gaseous bi-products 
of growth such as carbon dioxide. Within the increasingly viscous liquid culture, 
as biomass increases over time, the increased oxygen availability and carbon 
dioxide removal requires more energy and this can be reflected in the response of 
the organism (Düsten et al., 1996, Riley et al., 1999) 
Over the course of an actinomycete (Streptomycete) batch culture an increasing 
number of sigma factors are synthesised. Secondary metabolites also increase 
within the culture vessel and may inhibit further growth once a threshold 
concentration is achieved or may initiate differentiation (Demain, 1998). 
Many 
extra-cytoplasmic function (ECF) sigma factors are responsible 
for the 
functioning of cell wall regulation and response to external factors (Heiman, 
2002). These are regulated by anti-sigma factors and anti-anti-sigma 
factors 
which affect the ECF sigma factors which in turn up- or 
down-regulate the 
regulon within the bacterium. These sigma factors may send out communications 
for cells to differentiate or lyse e. g. in S. griseus A-factor induces morphological 
and chemical differentiation (Horinouchi et al. 1992). 
- 152 - 
PhD Thesis 2008 Michaela de Vial 
As the culture becomes older the cells can start to lyse and fragment. This could 
be due to a weakened structure resulting from starvation or other stresses 
described previously (inter-hyphal interaction, mechanical forces or oxidative 
stress) resulting in the release of cellular components into the vessel. Such cell 
death may mean that more nutrients becoming available for existing bacteria to 
utilise and therefore a second phase of growth could occur. 
S. coelicolor FCI Batch Culture Transcriptome Analysis 
The microarrays for the S. coelicolor FC 1 batch culture were analysed using 
Rank Product analysis (Breitling et al., 2004). The basis for comparison of the 
more branched and less branched cultures was the branch rate values obtained 
from duplicate batches (Appendix 3). The pfp value of 0.15 did not generate any 
results for these duplicate batches, therefore ap value of 0.05 was used instead 
and any genes that fell within this parameter and in the top 200 ranked genes for 
up-regulation within the two branching states were analysed. 
15.1 Rank product analysis of less frequently branched morphology of S. 
coelicolor FC1 batch culture 
1 1ýs 
SCP1.51 c spore associated protein, SapE 
SC07251 hypothetical protein S. coelicolor putative phosphotransferase. 
Contains TTA (leucine) codon, possible target for bldA regulation. 
S OC 6060 murC, possible UDP-N-acetylmuramoyl-L-alanine ligase 
SC05301 possible secreted penicillin-bindin protein, PbpC 
SC05240 wblE WbIE 
SC05122 probable peptidase 
SC02198 glnA, glutamine synthetase I. 
S000509 SCF6.05, gipK2, glycerol kinase (ATP: glycerol 3- 
phosphotransferase)(EC 2.7.1.30) 
Table 16: Genes of interest from S. coelicolor FC 1 batch less frequently branched samples, 
extracted from results with a p-value of less than 0.05 (80% of replicates). 
The genes evident within the less frequently branched batch results, are present 
in 80% or more replicates over the time-points studied according to p-value cut- 
off of less than 0.05 using the Rank products package the genes in S. coelicolor 
FC 1 that appeared to be of significance were as follows: 
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15.1.1 Genes for Survival 
Michaela de Vial 
SCP 1.51c sapE - spore associated protein, as described by Kelleman and 
Buttner (2003) was up-regulated in the less branched results. The up-regulation 
of this gene within these environmental conditions of increased stress is therefore 
understandable that levels are raised to ensure production of spores for survival. 
SC07251 is likewise up-regulated, this is hypothetically related to the regulation 
of bidA and subsequent spore formation (Streptomyces Database - 
http: //strepdb. streptomyces. org. uk). 
SC05240, coding for a whiB-like protein. (WhiB-like proteins discussion Page 
133) is also up-regulated. This has been linked to differentiation and sporulation 
within cultures grown upon solid medium (Soliveri et al., 1992). 
15.1.2 Peptidoglycan associated genes 
Up-regulated within less branched morphology and associated with the 
peptidoglycan biosynthesis pathway was SC06060 (murC). Mur C or UDP-N- 
acetylmuramic acid: L-alanine ligase, is involved in the early stages of the 
peptidoglycan biosynthesis pathway. It is responsible for the addition of the first 
of the amino acids, L-alanine, to the lactyl group upon UDP-N-acetylmuramic 
acid obtained from amino-sugar metabolism prior to transfer to the inner 
membrane. 
SCO2198 (glnA) is up-regulated and also evident in the peptidoglycan 
biosynthesis pathway, however this gene has been up-regulated throughout the 
course of these investigations. Up-regulated in both less branched and more 
branched forms therefore cannot be conclusively linked to only one 
morphological form. 
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15.1.3 Chitinases 
Michaela de Vial 
Expression of SC07226, a secreted chitinase, was up-regulated at time points 
when less branched morphology was observed in un-mutated S. coelicolor FC I 
batch culture. Less branched morphology is associated with the "searching" 
mechanism for nutrients -therefore it would be advantageous for enzymes such 
as chitinase, which can deconstruct the protein chitin into a more available 
glucose derivative, N-acetylglucosamine to be produced under these 
circumstances. When the correlation with hyphal growth rate was calculated 
SC07226 demonstrated the second greatest negative correlation (Figure 58). 
15.1.4 Antibiotic Associated Genes 
SC05081 and SC05076, otherwise known as actVA6 and actVA 1 respectively, 
are involved in the synthesis of type II polyketide products were also up- 
regulated in the less frequently branched samples of the batch culture. As the less 
branched samples were taken from later time points - occurring closer to the 
onset of secondary metabolite production, this is not a surprising observation. 
SC05076 demonstrates the greatest correlation of all of the genes up-regulated 
from the initial list (Figure 64) complying with a p-value of 0.05 and occurring in 
at least 4 other more branched samples. 
15.1.5 Gene Expression Correlation with reduced branch rate 
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Figure 64: Genes identified of interest (Appendix2) evident at P values of less than 0.05 in 
greater than 4 experimental time points with respect to a less branched morphology. 
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Figure 65: Other genes evident at P values of less than 0.05 in greater than 4 experimental time 
points with respect to a less branched morphology. 
The genes that appear most correlated and increase in expression values with 
branched morphology (Figures 64 and 65) over time are SC07226 - the secreted 
chitinase and SC05076 actVA l. 
When the log expression values were correlated with the branching rate, the 
genes were negatively correlated. SC05076 generated a value of -0.9161 and 
SC07226 of 0. -8612 (Table 17) 
Branching rate 
0.060001 0.045497 0.042405 0.038557 0.035904 
Log Expression Values Correlation 
SC07251 0.607493 1.185783 1.475235 1.238336 1.012698 -0.690681 
SC07226 0.126363 0.604669 0.473728 1.111466 0.821222 -0.861993 
SC07225 ' -0.53732 -0.32729 0.745349 -0.03984 0.497163 -0.696892 
SC05301 0.910172 0.224214 0.640206 1.237658 1.329388 -0.333102 
SC05240 -0.51686 0.402527 -0.47376 -0.4438 0.381182 -0.404545 
SC05122 -0.00756 0.988532 0.163266 0.868157 0.989426 -0.717022 
SCO5081 1.671088 1.642287 1.367539 2.003041 2.309062 -0.498724 
SC05076 -0.00551 0.544715 0.357365 0.807236 1.049128 -0.916161 
SC04850 1.043976 0.264545 1.99301 1.194817 0.421951 0.064583 
SC04684 ý 0.595372 0.520729 1.218631 1.234233 0.758796 -0.510122 
SC04295 1.684311 1.325044 2.631008 2.490924 1.716128 -0.347123 
SC03579 -0.35387 0.821066 -0.18207 -0.05112 1.350194 -0.561942 
SC02198 
SCOI 003 
-0.98863 
-0.24242 
-0.28494 
0.238591 
-0.53034 
0.851307 
-1.50315 
-0.18713 
-0.56634 _ 0.171959 
-0.044355 
-0.342369 
S000230 -1.02226 -0.81591 -0.94495 -0.88786 -0.40318 -0.662673 
Table 17: Genes of interest (Appendix2) evident at P values of less than 0.05 in greater than 4 
experimental time points correlation with branching rate values. 
AC- 
24 42 52 66 
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15.2 Rank product analysis of more frequently branched morphology of S. 
coelicolor FC1 batch culture 
The genes up-regulated in batch cultures samples with higher branching rates are 
illustrated in Table 18. According to a p-value cut-off of less than 0.05 after data 
analysis using the Rank products package (Breitling et al., 2004) in S. coelicolor 
FC 1. The genes selected of interest are as follows: 
15.2.1 Peptidoglycan synthesis and morphology related genes 
Up-regulated in the more highly branched cultures, SCO1018 (Murl glutamate 
racemase) is involved in D-glutamate to L-glutamate (reversible) reaction within 
the D-glutamine and the D-glutamate metabolism pathway 
(http: //www. genome. ad. jp/dbget-bin/show pathway`'sco00471+SCO1018). As a 
pathway responsible for the provision of these raw "building blocks" which are 
then converted in the N-AcG and N-AcM required for peptidoglycan 
biosynthesis this is required to be up-regulated under environmental conditions 
of increased nutrient availability when the exploitation of nutrients and 
subsequent rapid growth of the organism is required. 
SC05007 (minD2), codes for synthesis of a septum site determining protein, 
therefore its increase in expression could indicate that it is a factor in determining 
branch sites. SC05007 codes for a very similar protein to SCO3557, also a 
possible septum site associated protein (minD in B. subtilis, Levin et al., (1992)). 
This was up-regulated in gDNA results from S. coelicolor bac` and S. coelicolor 
FC 1 which demonstrated increased branch rate in batch culture results. The up- 
regulation of this gene in combination with SC05286, (a probable secreted 
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coelicolor FC I 
PhD Thesis 2008 Michaela de Vial 
hydrolase similar to S. globisporus lysozyme MI precursor which was also up- 
regulated) could be two factors necessary to initiate branch formation. In addition 
to the effect upon vegetative cells, minD2 contains a TTA codon linked to bldA 
regulation and subsequent sporulation and differentiation control. 
15.2.2 Membrane associated genes 
SC04847, a putative D-alanyl-D-alanine carboxypeptidase, and SCO1875 are 
penicillin binding-proteins (pbp) located within the cell wall. These generated 
good positive correlations with respect to branching rates. Located upon these 
penicillin binding proteins are glycosyl transferase and transpeptidase activities. 
These are involved in the secondary stage of peptidoglycan formation - 
polymerisation of the glycan chains and cross linking of the chains via inter- 
peptide bridge formation respectively. 
15.2.3 Secondary metabolite genes 
Genes involved in antibiotic synthesis SC05089 (actlorf3), SC05085 (actlI- 
orf4) and SCO5077 (actVA2), which are involved in the synthesis of type II 
polyketide products were also up-regulated within the more frequently branched 
samples of the batch culture. As the branched samples were generally at earlier 
time points - it is not usual that these should appear to 
be very significant. 
SC05076 demonstrates the greatest correlation out of all of the genes up- 
regulated from the initial list (Figure 60) complying with a p-value of 
0.05 and 
occurring in at least 4 other more branched samples. An example of master genes 
currently relevant to the morphology and differentiation of the actinobacteria, 
actII ORF4 is a positive regulator of the actinomycin pathway, 
located within the 
act cluster. 
15.2.4 Genes associated with nutrient uptake 
The nitrate reductases; SC02486 (nirB), SC02487 (nirB large subunit) 
SC02488 (nirC) are up-regulated in the more frequently branched state. These 
earlier sample points in batch culture also occur under conditions of 
increased 
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nutritional availability. Within the Streptomycetes one of the main nutrient 
sources within the soil is chitin. This is not only a rich source of carbon but also 
of nitrogen. During the exploitation of chitin, nitrate reductases will be required 
to hydrolyse the nitrates contained within the chitin when it is reduced to the 
component monomers of N-acetylglucosamine. N-acetylglucosamine in turn has 
been proven in high extracellular concentrations to maintain S. coelicolor within 
the vegetative state (Rigali et al., 2006), hence one assumes a reason for these 
genes being up-regulated in sustained vegetative branching in batch culture. 
15.2.5 Genes associated with cell morphology 
SCO1414, a possible ankyrin-like protein, was up-regulated in the more 
frequently branched state. The function of this gene within other organisms, 
including eukaryotes, is for maintenance of the integrity of the cell structure 
(Mathews and van Holde, 1990). Expression of this gene, therefore was included 
in the analysis. 
15.2.6 Correlation of branching rate and expression values in branched 
batch cultures of S. coelicolor FC1 
Normalised data - GOI branched 
40 
35 SC07561 
30 
S C04847 
. 13 25 - -- -- ----- --- -- SC02198 
tea, 15 -- -- A SCO18751 
10 -- -ý-- S CO 1018 
0 
24 42 52 66 90 
Hours 
Figure 66: Genes of interest evident at P values of less than 0.05 in greater than 4 experimental 
time points with respect to a more branched morphology. 
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branching rate 
0.060001 0.045497 0.042405 0.038557 0.035904 
I Gene I. D. Normalised Expression Values Correlation 
SC07561 3.590838 2.645793 1.957822 2.309811 2.48068 0.84669 
SC04847 33.70631 16.12043 24.39029 17.75741 20.48273 0.791303 
SC02198 0.38078 0.832016 1.425554 0.245857 0.57377 -0.14552 
SCO1875 1.048389 0.638288 0.616898 0.41155 0.414272 0.989209 
SCO1018 20.49579 23.36908 8.910161 16.52506 16.05475 0.4298 
Table 19: Correlations between the normalised expression data and branch rate values 
16 
", 14 -- ----- ý- SC07351 
SCO6432 12 
SC05089 10 L 
Q --ý- SC05085 8 
" SCO5007! 6 
SC04905 ý, -+- 4 SC04142 
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24 42 52 66 90 S 000914 ; 
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Figure 67: Genes evident at P values of less than 0.05 in greater than 4 experimental time points 
up-regulated in more branched morphology. 
There were strong positive correlations between the log expression data (Figures 
66 and 67) and branch rate for the genes SC07561 (0.8467) a possible esterase, 
and SCO 1875 (0.9892) a penicillin binding protein (Table 19). 
The TetR transcriptional regulator, SC04850, and SCO2198, ginA, are present in 
both branched and un-branched p-values over all experiments within the batch 
results therefore should not be counted as significant to the rate of branch 
formation. 
The main problem with the usage of microarrays with reference to batch analysis 
is that the data has to be incredibly robust and comparable prior to analysis. The 
constantly changing flux and growth rates in the batch are further variables that 
- 160 - 
PhD Thesis 2008 Michaela de Vial 
can affect the results indicated by the rank product analysis. Genes generated by 
such analysis are not related solely to growth and branching rate but to all 
changing environmental and physiological aspects present within the fermenter 
vessel. An advantage of the steady-state chemostat at specified dilution rates are 
that the number of external variables should be considerably reduced, undergoing 
only small oscillations around a mean value. To reduce the probability of 
anomalous results the triplicate batch analysis was carried out, to compare with 
the previously attained microarray results. 
15.3 Analysis of Triplicate Batch Results of S. coelicolor FC1 
Microarray analysis of the triplicate batch experiment was carried out at time 
points at which the branch rate had also been measured. The time points 
identified as of interest were as follows 12h, 18h, 24h, 30h, 36h, 42h, 48h, 54h, 
58h, 70h and 81h. Branching and rheological information are available for these 
time points to enable a complete comparison (Appendix 3). 
For ease of recognition of most significant results the data was pooled into 
different bands. Many genes were up-regulated using Rank Products analysis 
with 0.15pfp significance (Breitling et al., 2004). The number of times the gene 
was up-regulated at the different branch rates i. e. always greater in culture 
samples exhibiting decreased branching rates. in comparison with the benchmark 
of 12 hours (which was taken as the most branched standard) was counted and 
recorded. The results of this are as seen in Appendix 3. They were scored as 
either occurring most frequent, either 8 or 9 times out of 10 (greater than 80%) 
experiment, or as moderately frequent as 6 or 7 times out of 10 (60-70%) 
expenments. 
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15.3.1 Rank product analysis of more frequently branched morphology of S. 
coelicolor FC 1 batch culture (triplicate) 
15.3.1.1 Glutamine synthetase 
From the original genes of interest list only one gene SC02210, glutamine 
synthetase II, was up-regulated in 80-90% out of the 10 microarrays. This gene is 
commonly associated with increased metabolism and peptidoglycan biosynthesis 
and therefore is a gene that would be expected to be found in the more branched 
rapidly growing stage. 
15.3.1.2 Peptidoglycan associated genes 
Selected from the genes that are present within the cell wall membrane and 
peptidoglycan biosynthesis pathways (KEGG Pathway Database, 
http: //www. genome. lp/db eý t-bin/ get pathwa org name= sco&mapno =00550), 
the gene murD (SC02086) was the only gene up-regulated in 60-70% of 
experiments. This is involved in the early stages of peptidoglycan biosynthesis. 
Mur D in addition to C and E, as explained in the introduction, perform 
homologous reactions resulting in the addition of L-Ala, D-Glu and meso-DAP 
through the formation of amide bonds and is a ligase responsible for the 
separation of UDP-N-acetylmuramoylalanine-D-glutamate. This is therefore a 
possible target for further up-regulation or promotion. 
15.3.2 Rank product analysis of less frequently branched morphology of S. 
coelicolor FC1 batch culture 
The following genes were up-regulated in the microarray analysis of the less 
branched morphologies observed in S. coelicolor FC 1 batch culture. 
15.3.2.1. Genes associated with Morphology 
S000409 (sapA), a spore associated protein precursor was significant within less 
frequently branched batch cultures with a pfp of less than 0.15 in more than 80% 
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of experiments. This is extremely high correlation between all arrayed samples 
and indicated the preferential conditions for the formation of spores due to the 
increased environmental stresses that the less branched more mature organism 
was exposed to. 
Some genes were up-regulated that contained TTA coding sequences, which 
could affect B1dA regulation, involved in the sporulation cascade within S. 
coelicolor. Probable lipoprotein genes that retained this feature were SC054444 
(glgP), SC04401 and SC02764. These are cell wall associated, therefore could 
contribute to membrane fluidity and alterations required for the extended less 
branched hyphae. 
15.3.2.2. Genes Associated with Antibiotic Production 
A large number of genes were up-regulated that were associated with antibiotic 
production in less branched (later time point) cultures of S. coelicolor FC 1 
(Tables 20 and 21). 
Gene I. D. Description 
SCO5898 SC1OA5.03, redF, probable membrane protein 
SC05896 SC10A5.01, redH, probable phosphoenolpyruvate-utilizing enzyme 
SC05894 SC3F7.14, redJ, probable thioesterase 
SC05890 SC3F7.10, redN, putative 8-amino-7-oxononanoate synthase 
SC05889 SC3F7.09, redO, unknown, 
SCO5888 SC3F7.08, redP, probable 3-oxoac l- ac l-carrier-protein] synthase III, 
SC05886 SC3F7.06c, redR, probable 3-oxoacyl-[acyl-carrier-protein] synthase II 
SC05881 SC2E9.22c, redZ, response regulator, Contains TTA leucine codon 
SCO5877 SC2E9.18, redD, transcriptional regulator 
Table 20: Up-regulated undecylprodigiosin synthesis genes 
Gene I. D. Description 
SC05089 
SCBAC28G1.15, actIORF3, actinorhodin polyketide synthase acyl carrier 
protein 
SC05088 
SCBAC28G1.14, actIORF2, actinorhodin polyketide beta-ketoacyl 
synthase beta subunit (also known as chain length factor 
SC05087 
SCBAC28G1.13, actIORF1, actinorhodin polyketide beta-ketoacyl 
synthase alpha subunit 
SC05085 
SCBAC28G1.11, actll-4, actinorhodin cluster activator protein. Contains a 
leucine TTA codon, possible target for bldA regulation 
SC05080 SCBAC28G1.06, actVA5, possible hydrolase 
SC05077 SCBAC28G 1 . 03, actVA2, hypothetical protein, 
SC05076 SCBAC28G1.02, actVA1, probable integral membrane protein 
Table 21: Up-regulated actinorhodin synthesis genes 
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60-70% of experiments depicted up-regulated antibiotic-associated genes actII- 
ORF4 and actIORF3 - an actinorhodin polyketide synthase acyl carrier protein, 
and the response regulator redZ SC05881. RedZ and actll-ORF4 and another 
gene SC03929 all contain the TTA codon. These antibiotic-associated genes 
may therefore have a role within the control of bidA and the subsequent 
sporulation cascade. As discussed in the introduction, RedZ and actll-ORF4, 
positive regulators of the actinomycin pathway located within the act cluster, are 
an example of master genes currently acting as pathway specific activators 
relevant to the morphology and differentiation of the actinobacteria. The 
significant up-regulation of these genes could indicate that these play a central 
role in the control of branch rate. 
15.3.2.3 Polysaccharide production 
Of notable interest there was prolonged expression ever increasing over the 
course of the batch fermentation of polysaccharide biosynthesis related protein 
SC0488 1. As determined in previous experiments, however, this polysaccharide 
must have been surface associated as there was no increase in the viscosity of the 
supernatant. The presence of increased polysaccharide production has been noted 
in Streptomyces spp. grown in liquid culture (Inoue et al., 1992, Miyazaki et al., 
1976). Polysaccharide production is often used as "sink" or storage facility in 
Saccharopolyspora erythraea (Jacques, 2004). However when the recommended 
India ink staining procedure was followed there was no microscopic evidence of 
any difference in the stained samples between early and late time points 
in the 
batch culture. 
15.3.2.4 Nutrient limitation 
Up-regulated in 80% of un-branched time-points throughout the time course of 
batch culture were members of the pst gene cassette. These were SC04039 pstB, 
SC04040 pstA, SC04141 pstC and SC04142 pstS. These phosphate 
binding 
protein precursors and members of the phosphate ABC transport system were up- 
regulated as phosphate decreased in availability and branch rate 
decreased in the 
fermenter vessel. The up-regulation of these genes may result in more phosphate- 
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binding proteins being produced in an attempt to scavenge the increasingly 
sparse availability of phosphate. 
15.4 S. erythraea 1MS31-3 batch cultures 
Saccharopolyspora erythraea 1 MS31-3 batch culture data is included within this 
chapter. Although it is a different species, operated under different culture 
conditions and analysed using PCR generated microarrays in comparison to the 
oligonucleotide arrays used for the S. coelicolor analysis, the organism still 
underwent a similar change in branching rate over the time course of the 
fermentation. Therefore any genes that are in common with any of the other S. 
coelicolor FC 1 experiments are still of interest. 
Genes associated with branching were depicted as those genes up-regulated in 
expression values in the 24 hour time point compared to values obtained for 44 
and 93hours. Un-branched genes were the inverse - those genes up-regulated at 
44 and 93 hours time points in comparison with 24 hours. This is a very crude 
comparison but correlated with the branching observations. 
Genes of interest that appear up-regulated in expression within S. erythraea 
1 MS31-3 that appear of significance within cell wall formation include the 
following: 
15.4.1 Rank product analysis of more frequently branched morphology of S. 
erythraea 1MS31-3 batch culture 
15.4.1.1 Chitinases 
SC07263 and SCO5377 are chitinases; these are up-regulated in the increasingly 
branched forms of S. erythraea 1 MS31-3. They could be being produced in 
response to the growth and metabolism involved requiring rapid utilisation of 
any available carbon, within the natural environment (soil). These were also 
found in branched chemostats of S. coelicolor. 
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15.4.1.2 Membrane Associated Genes 
Michaela de Vial 
Transmembrane efflux protein, (mdr integral membrane protein) and solute 
binding protein (SC07286), in addition to several other membrane proteins all 
potentially contribute to the structure and fluid properties of the membrane. 
Other genes associated with the increased cell wall biosynthesis include murA 
(N-acetylglucosamine transferase). 
15.4.1.3 Peptidoglycan biosynthesis and morphology 
Glutamine synthetase I (SCO2198), and glutamine synthetase II (SC022 10), are 
also up-regulated within the more branched forms. These are cited in KEGG 
metabolic pathway as required for peptidoglycan biosynthesis but these are also 
influenced by central metabolic pathways, therefore may not solely be related to 
branch rate. 
SC03926 (ssgA) is a possible regulator associated with sporulation and cell 
division; this had been implicated in the designation of peptidoglycan septum 
formation during sporulation in S. coelicolor M145 upon solid grown cultures 
(Noens et al. 2005). This was up-regulated within the more branched cultures, 
therefore this could be related to the increased frequency of branching observed 
within the earlier time points within the batch culture. 
15.4.1.4 Teichoic and Teichuronic Acids 
SCO3795, a glycosyl transferase similar to B. halodurans teichuronic acid is up- 
regulated in the earlier (more branched) time points. Teichuronic acid production 
is increasingly stimulated due to the higher growth rates within the branched 
form requiring more rapid expansion and due to a reduced phosphate availability 
(Phosphate-limited Williams Medium, Appendix 1) meaning that it is available 
for teichuronic acid production rather than the teichoic acids that are stored under 
more intense phosphate-limitation. 
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15.4.1.5 Genes associated with increased metabolism. 
Michaela de Vial 
Up-regulated within the more branched time points within S. erythraea 1MS31-3 
are genes associated with increased metabolism such as cytochromes and mono- 
oxygenases. These are required to remove the potentially damaging toxins and 
by-products produced as a result of the higher rate of metabolism. Such examples 
include cpeB, catalase/peroxidises, which are required at a higher level due to the 
increased metabolism, required to combat the increasing acidity. 
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16. Characterisation of Branch Rate Formation 
Discussion and Further Work 
The project has explored a wide range of issues associated with morphology and 
microarray analysis but now needs to focus on the main questions, in order to 
obtain sufficient coherent data to ensure successful compilation of a doctoral 
thesis. 
16.1. Batch culture 
Batch culture experiments of Saccharopolyspora erythraea 1 MS31-3 in a soluble 
complex medium demonstrated a significant increase in hyphal growth unit, or 
reduced branch rate over the course of batch culture. S. erythraea 1 MS31-3 
exhibited an alteration in morphology from highly branched small forms to 
elongated networks of hyphae with a decreased branching rate. This effect was 
reproducible in further batches of soluble complex medium. This has a negative 
impact in industry due to a decrease in secondary metabolite productivity caused 
by filament breakage (Heydarian et al. 1999, Düsten et al. 1996). The increased 
effect of high biomass in the complex media used in industry, which can include 
cheaper non-soluble components, also contribute to the viscosity. 
The change in branch rate observed in growth of S. erythraea 1MS31-3 in 
soluble complex medium was also observed, although with a reduced change in 
hyphal growth unit in phosphate limited medium. 
Repetition of experiments in phosphate limited medium resulted in a similar 
pattern of branching over the time course of a batch culture of S. coelicolor FC 1 
(Williams, PhD thesis (2000)). The strain used in the experiment, S. coelicolor 
FC 1, was of a more dispersed phenotype, enabling greater ease in the 
microscopic analysis of branching. The genome sequenced, well-defined 
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Streptomyces coelicolor strain was studied, as complete microarray analysis 
(therefore any subsequent targeted mutation) is readily available in this strain. 
From the data observed in bioreactors it was clear that there was a definite 
alteration in branch rate over the time course of the fermentation. Initially, the 
mycelium is highly branched. This reflects the evolution of the branched species 
to exploit nutrient rich micro-habitats by forming highly-branched networks in 
the soil. The microorganism is "unaware" that it is growing in liquid culture and 
reacts the same way. Thus at the start of the culture, when nutrients are in excess, 
smaller, more frequently branched units are formed, leading to a culture with low 
viscosity. This low viscosity is the most desirable form for an industrial process, 
as agitation, required for aeration, is the most expensive component of a 
bioprocess for a generic product, such as an antibiotic. 
16.2 Rheology 
The rheological behaviour of the filamentous culture was best described by the 
Power Law equation (Banks et al., 1977). The change in morphology from 
discrete highly branched fragments to longer less branched fragments was 
accompanied by an increase in viscosity, an increase in consistency index (k) and 
a reduction in n, the Newtonian behaviour of the culture broth. Rheological 
analysis over the time course of batch culture of both S. erythraea 1MS31-3 and 
S. coelicolor FC I demonstrated a departure from less viscous culture broth with 
Newtonian characteristics to a more viscous culture broth that displayed 
increasingly non-Newtonian behaviour. This was co-ordinated with an increase 
in hyphal growth unit value, and biomass concentration. However, viscosity did 
not increase at a rate entirely proportional to biomass concentration, the two 
factors appeared interdependent. Therefore it could be stated that the change in 
morphology resulted in a change in rheology of the culture broth from 
Newtonian to non-Newtonian. 
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16.3. Growth rate 
The growth of S. coelicolor FC 1 in chemostat culture at two different dilution 
rates in defined, synthetic medium generated two different reproducible 
branching rates. There appears to be a direct relationship between branch-rate 
and growth-rate. Branch rate exhibits a positive correlation with increasing 
dilution (and associated growth rate). There was an. increased branch-rate at high 
growth-rates and decreased branch-rate at lower growth-rates. 
This change in branch rate, correlated to the growth rate, is a result of nutrient 
availability and uptake. To exploit an environment in which it is apparently 
resident i. e. the bioreactor medium, S. coelicolor responds by an alteration in 
branch rate according to nutrient availability. There are other influences upon 
this, but it could be assumed that nutrient availability is central to the initiation of 
branching behaviour and frequency of branch formation in the Streptomycetes. 
This is supported by the types of up-regulated genes expressed at the different 
branch frequencies. 
16.4 Bulk branching parameter 
Bulk branching parameter, an indicator of the density of branches in the culture, 
both batch and chemostat was developed over the course of these investigations. 
Studies into the culture behaviour required a value that incorporates more than 
just one measurement. This resulted in the adoption of bulk branching parameter 
(biomass concentration/hgu) as the branching metric, generating the strongest 
correlation with culture viscosity (shear stress/s ) shear strain 
This parameter, which gives an approximate number of branches per micrometer 
per gram of biomass or density of branches within the culture, could be a good 
indicator of viscosity in batch cultures of filamentous micro-organisms. This is 
an easily measurable parameter, and could facilitate characterisation of inoculum 
prior to inoculation of a large fermenter culture maximising potential yield 
(Glazebrook et al., 1992). 
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Equation 11: Bulk branching parameter 
Michaela de Vial 
Bulk branching parameter = branch rate (1/HGU) x biomass (g-'L"1) 
This composite parameter (Equation 11) and viscosity change in a co-ordinated 
manner in filamentous liquid culture of Streptomyces coelicolor and 
Saccharopolyspora erythraea. The bulk branching parameter should, however, 
be able to be applied to all filamentous liquid cultures utilising soluble media. 
16.5 Peptidoglycan biosynthesis and the mechanism of branch formation 
The peptidoglycan inhibitor-resistant S. coelicolor mutants, to the antibiotics 
bacitracin and tunicamycin, were grown in batch culture and parameters 
obtained, to deduce differences with the wild type, enabling us to draw 
conclusions as to the role of the peptidoglycan synthesising enzyme steps in 
branching. 
Chemostat cultures were run, a high versus low dilution rate mimicking the 
exponential and stationary phases within a batch culture. These two rates of S 
coelicolor generated two branching states, a highly branched state under a higher 
dilution rate and a decreased branch rate under low dilution rates. 
The effects of the addition of the peptidoglycan inhibitors, tunicamycin and 
bacitracin, at sub-lethal levels, on the wild-type branch rate and transcriptome 
were measured. Tunicamycin, which induced a decreased branch rate in mutants, 
was applied to a low dilution rate which has a low branch rate. The theory 
realised that at sub-lethal levels, it will have the inverse effect to a mutation. 
Altered branching rates were generated by mutation through exposure to the 
peptidoglycan synthesis inhibitors tunicamycin and bacitracin. Comparison with 
the wild-type enabled conclusions to be drawn to the role of the peptidoglycan 
synthesising enzyme steps in branching. 
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Creating resistant mutants affected the branch rate as follows (Figure 68): 
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Figure 68: Depicted results to mutation to peptidoglycan biosynthesis inhibitors (Previous 
project, Wardell et al., 2002, current project, this work). 
A working hypothesis was developed as follows: 
A tunicamycin resistant mutant has increased activity of the metabolic step that 
recycles the lipid carrier, thus forcing the carrier to move faster and increasing 
the incidence of the carrier arriving "empty" at the peptidoglycan biosynthesis 
point. The lower the specific rate of precursor delivery, the less likely it is that 
branching will take place. In a nutrient-poor situation, the precursor delivery rate 
could also, conceivably, be decreased, leading to low branching rate, a 
mechanism that has evolved so that the hyphae concerned, are forced to search 
for a new microhabitat. 
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A bacitracin resistant mutant has increased activity of the step that binds the 
precursor onto the carrier, resulting in increased branch rate. In a nutrient rich 
environment it is reasonable to assume that the supply of precursor will be 
maximal, thus increasing the hyphal coverage area by maximum branching. As 
observed, one would not expect the effect on branch increase to be as great as 
that on branch decrease as the branching rate of the wild type should be close to 
maximum. The mutation is presumably helping the carrier "mop up" all available 
precursor molecules. 
The effects of the addition of peptidoglycan synthesis inhibitors, at sub-lethal 
levels, on S. coelicolor FC 1 branch-rate within chemostat culture generated a 
change in branch rate. 
Treating un-mutated hyphae with tunicamycin slows down the lipid recycling 
step ensuring that empty carrier delivery is less likely to occur, hence producing 
a higher branching rate. Treating un-mutated hyphae with bacitracin would result 
in decreased branching as the rate of the carrier picking up precursor will 
decrease. 
Peptidoglycan genes observed in the mutant branching experiments indicated 
that only SC02086 and SCO2198 were up-regulated, however these were 
evident in both less branched and more branched systems. This suggests that 
branching factor per se is not one of these peptide enzymes. Both bacitracin and 
tunicamycin resistance would be expected to be more due to flux through 
bacitracin and tunicamycin target enzymes to counteract the two antibiotics. 
Increased flux could be brought about by increased copies of the genes in the 
pathway upstream of the target enzyme. Over-expression or 
down-regulation of 
these genes could be of interest for further work to see if there 
is any further 
impact upon branching rate. 
16.6 Microarray analysis - identification of other possible targets 
The results of the microarray analysis carried out during the course of this 
investigation were sufficient to identify some of the genes that appear to be 
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involved in branch formation. Hopefully, future studies will be able to employ 
these genes as targets for up-regulation or deletion, to alter culture viscosity and 
branch rate, and elucidate genes involved in prokaryote branch formation. Only 
the genes identified in mutant chemostat culture results, or a combination of 
chemostat culture and batch results are used for the definitive explanation. 
16.6.1 Genes identified from Comparative Genomic Hybridisation 
100 
Cl, 
a) 
S000283 
10 I_ ý' SC02835 
ö /ý SC03552 
SC03553 
~ ý! -y SC03555 
E1 
SC03557 
Figure 69: CGH genes (Chapterl3) expression in S. coelicolor FC1 and cell wall biosynthesis 
mutant strains. 
All of the values of the genes raised as interest as being up-regulated in the more 
branched mutants CGH had expression values plotted (Figure 69). The only 
genes that displayed any slight correlation with branch rate were SC03552, 
SC03553 and SC03560. These would therefore all be of interest for up- 
regulation as all appear to have a possible impact. 
According to the up-regulated expression of min genes within the increased 
branching chemostat results, SC03557 could have an impact upon the formation 
of branches, increasing the branch rate and therefore increasing the number of 
antibiotic production sites available (Martin and Bushell, 1996). Targeted over- 
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expression of this gene (utilising a promoter such as the ermE* promoter) could 
generate mutants with an increased branching rate, reduced viscosity and 
increased antibiotic production per unit biomass due to the increased number of 
tips and associated antibiotic sites located just behind the actively growing tip. 
16.6.2 Growth rate, branch rate and nutrient availability 
In addition to the theory of branch formation (Section 16.5), the inter-linked 
relationship between growth rate, nutrient availability and morphology is another 
area that could be further investigated. S coelicolor chemostat cultures were run. 
High versus low dilution rate, mimicking the exponential and stationary phases 
within a batch culture, generated two branching states. A highly branched state 
was attained at a higher dilution rate and a decreased branch state under low 
dilution rates. Exponential growth rates are commonly associated with high 
nutrient availability, and the inverse statement also is maintained. 
Genes coding for differing forms of chitinase coding genes were up-regulated 
throughout the experiments in the more branched forms. It was observed in batch 
and chemostat cultures of the more highly branched mutant, S. coelicolor FC 1 
bac'. This appeared up-regulated in response to the increased growth rate, and 
subsequent metabolism. Higher growth rates require and are influenced by 
greater nutrient availability. The up-regulation of genes coding for chitinase in 
chemostat culture was likely therefore to be due to mutation and differences in 
the genome rather than the influences of culture conditions, especially as there is 
no chitin contained in the medium used. This is of definite interest for further 
work. Chitinase is required to hydrolyse chitin to the component monomers of N- 
acetylglucosamine. S000643, similar to the chitin binding proteins was also up- 
regulated under conditions of increased branching, lending weight to this theory. 
The nitrate reductases were up-regulated in the branched state within triplicate 
batch results. During the exploitation of chitin, nitrate reductases are required to 
hydrolyse the nitrates contained within the chitin when it is reduced to the 
component monomers of N-acetylglucosamine. N-acetylglucosamine in turn has 
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been proven in high extracellular concentrations to maintain S. coelicolor within 
the vegetative state (Rigali et al., 2006). 
Co-ordinated control of chitinase and nitrase genes may influence DasR. Up- 
regulation of DasR, which is produced in conditions of high extracellular 
concentration of N-acetylglucosamine (a monomer of chitin), results in the 
retention of S. coelicolor in the vegetative state with no further progression to 
sporulation or differentiation. Rigali et al. (2006) demonstrated that this occurs 
through the regulator DasR which controls uptake of N-acetylglucosamine via 
the pts region which includes the genes ptsl, ptsH and crr. 
DasR is described as a metabolic regulator which is not involved in the bld 
signalling cascade but in the initial sensing of the external environment, enabling 
vegetative growth until a change in the nutritional availability causes it to trigger 
the change to sporulation. Deletion of the dasR gene results in a bald phenotype, 
as demonstrated in the experiments of Rigali et al. (2006) this occurs at an early 
stage of development or differentiation, it is possible that growth in liquid culture 
arrests progression to the sporulation cascade, instead increasing septation, and 
subsequent branching within vegetative cells. 
16.6.3 Teichoic Acids 
Teichoic acid related genes were up-regulated in the less frequently branched 
hyphae. SC02982, Tag F (scoDB database http: //strepdb. streptomyces. org. uk). 
Teichoic acid is a known component of the cell membrane of the gram positive 
bacteria. As previously theorised in the introduction, the composition of teichoic 
and teichuronic acids in the external cell membrane could vary according to the 
limitation of nutrients applied. Within this series of experiments all of the 
organisms were subjected to the same environmental conditions, and yet teichoic 
acid was up-regulated in cultures with a less frequently branched morphology. 
This is in contrast to the previous prediction that the phosphate-limitation itself 
would trigger the greatest branching difference and would generate the ratio of 
formation of teichoic and teichuronic acids. 
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The up-regulation and increased presence of teichoic acids could alter the 
characteristics of the cell wall (Ward, 1981). This could affect rigidity and 
elasticity of the hyphal wall and therefore associated morphology (Prosser and 
Tough, 1991). 
16.6.4 WhiB-like proteins 
It was predicted that the WhiB-like proteins could be transcriptional activators of 
different target genes when there was a change in redox caused either by 
environmental changes or internally during metabolic downshift (Soliveri et al., 
2000, Nyström, 1999). The results from the batch culture and chemostat culture 
microarray experiments indicated that the whiB-like protein E was prevalent 
within the less branched morphology (Table 22). 
whiB wblA wblB wblE wblH wbll 
Micrococcus luteus 1.4 [5.0] [3.8] 4.5 1.4 - 
Nocardiodes simplex 7.0, 4.1, - 6.0,4.2,2.9,2. 8.0,6.2 - 
2375 5.5 2.8 6 
I Actinoplanes brasiliensis 13 0.8 [ 1,7] 1.4 - [13] 
Micromonospora 4.8 9 4.2 [3.1 ], 1.8 5.8 - 
chalcea 2883 
Rhodococcusfascians 3.2, [12] - 9.0,7.0,4.2 3.3,3.1 
2767 2.9 
Mycobacterium bovis 3.9 1.4 [ 1.8] [3.0] 4.0, [3.8] - 
BCG 
Mycobacterium [8.0] 3.2 [7.0] [7.2], [1.3] [10] - 
smegmatis 
Gordonia terrae 5.6 9.5 [5.8], [1.1] 5.2 6.2 - 
Saccharopolyspora 15 5.2 2.2 3.9 ? - 
erythraea 
Amycolatopsis ? - 3.5. [2.0] - - - 
mediterranei 2747 
Stre tom ces various s 
Streptomyces coelicolor 1.4 5 10 5.3 5.0,2.4,1. 5 
A3(2) (M145) 5 
Streptomyces 2.8 7 4.0,0.4 3.0,1.7 3 4.8 
antibioticus 
Streptoverticillium 1.6 5.2 0.8 2.3 [1.8] 5.3,1.7 
riseocarneum 
Streptomyces griseus 2.9 7.2 0.5,0.365 1.5 8.0,3.2,2. 4.8 
0 
Streptomyces albus G 3 3.2 1.2 5 2.8 4.8 
Table 22: Reproduced from Soliveri et a/. (2000) Hybridisation of wbl probes to ý)outnern mots 
of PvuII digests of DNA from representative actinomycetes. Strongly hybridising bands are 
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shown in bold, moderately strong bands in normal type and weak bands in square brackets. Represented genes within experiments carried out are highlighted in yellow. 
The down-regulation or deletion of this gene could result in increasingly 
branched hyphae. If the effect of wblE is conserved throughout the ten genera of 
actinomycetes tested as per Soliveri et al. (2000) (Table 22), then this is of 
definite interest for industrial use as it is applicable to many strains commonly 
used in large scale, high biomass fermentations. Any improvements that can be 
made to viscosity of fermentations on this scale could generate very large cost 
savings. 
16.7 Future work 
The inter-linked relationship between growth rate, nutrient availability and 
morphology is another area that should be further investigated, a larger range of 
dilution rates could be run to see in order to determine if a change in branching 
rate is linear in comparison with growth rate, or whether it increases step-wise at 
a fixed growth/ dilution rate and how this affects the gene expression via 
microarray analysis. 
We have a hit-list of potential genes from this thesis (Section 16.5 to 16.6.4), 
some of whose function is currently unknown, for future mutant studies. 
In order to elucidate the individual genes and the magnitude of their impact upon 
branching, systematically mutating all the hits would enable an understanding of 
their influence upon branch frequency and viscosity. This could be carried out as 
either deletions or up-regulation of the genes. In order to quantify this as 
accurately as possible, mutants should be grown under a fixed dilution rate of 0.1 
h-'. 
It would also be interesting, in "future work" to try over-expressing or down- 
regulating genes in the peptidoglycan biosynthesis pathway, such as SC02086 
and/or SCO2198, to see what effect this would have on branching rate. 
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The relationship between chitinase, nitrate reductases and dasR on liquid grown 
cultures should be investigated: 
Firstly, by nutrient availability and inhibition via the addition of N- 
acetylglucosamine to the medium. The effect of this upon the liquid cultures 
could then be compared to the solid grown cultures as observed in the work of 
Saito et al. (2007) and Rigali et al. (2008). It was suggested by the latter that S. 
coelicolor grown on solid medium could differentiate between chitin-derived N- 
acetylglucosamine and N-acetylglucosamine from cell wall lysis. The addition 
of chitin to a defined liquid medium could also be compared to these published 
results. Chitinase is required to hydrolyse chitin to the component monomers of 
N-acetylglucosamine. The nitrate reductases are required to hydrolyse the nitrates 
contained within the chitin when it is reduced to the component monomers of N- 
acetylglucosamine. Activity of these genes would be required to break it down to 
N-acetylglucosamine and a further stage within this cycle could be assessed for 
its contribution to branch frequency of the culture. 
ChsB deletion has been found previously to effect hyper-branching in Aspergillus 
oryzae (Muller et al., 2002). The evidence of chitinase genes being up-regulated 
in less frequently branched cultures over the course of my experiments indicate 
that this behaviour may be conserved also within S. coelicolor and the 
actinomyces. Deletion of this equivalent gene and related genes in S. coelicolor 
would yield results that could be comparative in the actinomyces. 
Up-regulation of the DasR regulon, has been proven to retain S. coelicolor in a 
vegetative state and down-regulate the activator genes in the act and red clusters, 
a dasR mutant has enhanced production of these antibiotics (Rigali et al., 2008). 
As mentioned previously, deletion of the dasR gene results in a bald phenotype, 
demonstrated in the experiments of Rigali et al. (2006), this occurs at an early 
stage of development or differentiation. The growth of these up-regulated and 
deleted mutants in phosphate-limited chemostat culture would be interesting if 
under-taken in order to determine the effect of the chitinase, nitrate reductase and 
dasR genes upon branch rate, differentiation, and viscosity in liquid culture. 
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Appendix 1 
Media utilised over the course of the investigations: 
Mannitol Soya Flour Medium 
Component g L-1 
Agar 20 
Mannitol 20 
Soya flour 20 
RO water 1000ml 
Michaela de Vial 
Dissolve the mannitol in the water and pour 200m1 into 250m1 Erlenmeyer flasks 
each containing 4g agar and 4g soya flour. Close the flasks and autoclave twice 
115 °C, 15 min with gentle shaking between the two runs. 
Reference: P409 Practical Streptomyces Genetics (Hobbs et al. 1989) 
GG1 medium 
Component g L"1 
Glucose 15 
Glycerol 15 
Soya Peptone 15 
CaCO3 1 
3 NaCl 
Make up to 1 litre with RO water and then pH to 6.8 using KOH. Flasks were 
autoclaved for 20 minutes at 121 °C and 15 psi. 
Inoculated flasks are to be left stirring for 48 hours at 30 °C 
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GYB Medium 
Component g L-' 
Glucose 33 
Yeast extract 15 
Michaela de Vial 
Make up to 1 litre with RO water and then to pH 6.8 with KOH. Flasks were 
autoclaved for 20 minutes at 121 °C and 15 psi. Inoculated flasks were to be left 
stirring for 24 hours at 30 °C 
Yeast extract-malt extract medium (YEME) (Keiser et al., 2000). 
Difco yeast extract 3g 
Difco Bacto-peptone 5g 
Oxoid malt extract 3g 
Glucose log 
Sucrose 340 g 
Distilled Water up to 1000 ml 
After autoclaving add 2 ml/litre 2.5 M MgC12.6H20 (Final concentration of 5 mM) 
Abbott Soluble Complex Medium (A High Biomass High Production 
Medium 
Component i gL 
Difco Soluble Starch 15 
Difco Soytone 20 
CaC12 0.1 
(CaC12.2H20) 0.13) 
Difco Yeast Extract 1.5 
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The above dry components were made up to 1L in RO water and mixed 
thoroughly. 25 ml of this solution was then added to each shakeflask, 1.25ml of 
Soybean oil was added directly to each flask. Flasks were autoclaved for 30 
minutes at 121 °C and 15 psi. 
Nitrate Limited Medium (Defined) S. ervthraea 
Component g L'1 
Glucose 35.0 
K2HPO4 7.0 
KH2PO4 3.0 
NaNO3 2.3 8 
Trace Elements* IOml 
The phosphate and nitrate sources were weighed and combined in 767ml RO 
water before pH was altered to 7.0 using 5M KOH. Glucose was made up 
separately to a concentration of 150 g L-1 in RO water. These were sterilised at 
121 °C, 15 psi for 25 minutes. 
233m1 of glucose solution and 10mi of filter-sterilised Trace Element Solution* 
were added aseptically to the phosphate/nitrate solution. This was then aliquotted 
at a volume of 25 ml per shake-flask. 
*see page 189 i) 
Phosphate Limited Medium (Defined) S. erythraea 
Component g L-1 
Glucose 35 
NaNO3 11.12 
KH2PO4 0.1 
MOPS 21.0 
Trace Elements* lmml 
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The nitrate and phosphate sources were made up to 757 ml with RO water, pH 
altered to 7.0 and autoclaved at 121 °C, 15 psi for 20 minutes. The glucose was 
solubilised in RO water to a concentration of 15 g per 100 ml, and autoclaved at 
121 °C, 15 psi for 20 minutes. Once sterilised, 233 ml of glucose and 10 ml trace 
elements were added to the salt solution aseptically * 
*see page 189 i) 
Carbon Limited Medium (Defined) S. ervthraea 
Component g L'1 
Glucose 15 
NaNO3 11.12 
KH2PO4 3.0 
K2HPO4 7.0 
Trace Elements* lOml 
The nitrate and phosphate sources were made up to 890m1 with RO water, pH 
altered to 7.0 and autoclaved at 121 °C, 15 psi for 20 minutes. The glucose was 
solubilised in RO water to a concentration of 15 g per 100 ml, and autoclaved for 
20 minutes. Once sterilised, 100 ml of glucose and 10 ml trace elements were 
added to the salt solution aseptically* 
*see page 189 i) 
Williams -N limited Antibiotic Production Media for S. coelicolor FC1 
Component g L"1 
Glucose 40 
NaNO3 0.8 
KH2PO4 1.5 
K2HPO4 3.5 
Trace Elements* 5ml 
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The nitrate and phosphate sources were made up to 862 ml with RO water, pH 
altered to 7.0 and autoclaved at 121 °C, 15 psi for 20 minutes. The glucose was 
solubilised in RO water to a concentration of 30 g per 100 ml, and autoclaved for 
20 minutes. Once sterilised, 133m1 of glucose and 5 ml trace elements were 
added to the salt solution aseptically * 
Williams -P limited Antibiotic Production Media for S. coelicolor FC1 
Component g L-1 
Glucose 40 
NaNO3 10 
KH2PO4 0.05 
MOPS 10.5 
Trace Elements* 5ml 
The nitrate and phosphate sources were made up to 862 ml with RO water, pH 
altered to 7.0 and autoclaved at 121 °C, 15 psi for 20 minutes. The glucose was 
solubilised in RO water to a concentration of 30 g per 100 ml, and autoclaved for 
20 minutes. Once sterilised, 133 ml of glucose and 5 ml trace elements were 
added to the salt solution aseptically * 
*see trace elements i) 
Williams -C limited Antibiotic Production Media for S. coelicolor 
FC1 
Component i gL 
Glucose 10 
NaNO3 5.56 
K}2PO4 1.5 
K2HPO4 3.5 
Trace Elements* 5ml 
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The nitrate and phosphate sources were made up to 962 ml with RO water, pH 
altered to 7.0 and autoclaved at 121 °C, 15 psi for 20 minutes. The glucose was 
solubilised in RO water to a concentration of 30 g per 100 ml, and autoclaved for 
20 minutes. Once sterilised, 33 ml of glucose and 5 ml trace elements were added 
to the salt solution aseptically * 
* see appendix 3 i) 
Williams P limited Antibiotic Production Media for Chemostat Culture 
S. coelicolor FC1 
Media component g L"1 g 10L 
Glucose 40 400 
NaNO3 10 100 
KH2PO4 0.05 0.5 
K2HPO4 0.12 1.2 
MOPS 10.5 105 
Make up the nitrate and phosphate sources to 8.617 L with RO water, pH to 7.0 
and autoclave for 20 minutes. Meanwhile make up the glucose to a solution of 30 
g per 100 ml, autoclave separately for 20 minutes. Once sterilised, aseptically 
add 1.333 L glucose to the salt solution and then add 50 ml trace elements (see 
trace elements ii*). 
i) Trace Element Solution She11TM) 
Component g 10 ml-1 
MgSO4.7H20 0.25 
FeSO4.7H20 0.025 
CuC12 0.00053 
COC12 0.00055 
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CaC12.2H20 0.0138 
ZnC12 0.0104 
MnC12 0.0062 
NaMoO4 0.0003 
Michaela de Vial 
The solution was made up using RO water and altered to pH 7.0 using 5M KOH. 
This was filter sterilised using a 0.2 µm filter (Minisart). 
ii) Trace Elements 
5m1 per litre 
Component 
ZnO 50mM 
FeC12 20 
CuC12 10 
MnC12 10 
CoC12 20 
H3BO3 10 
Na2MoO4 0.02 
RO water 920m1 
HC1 80m1 
The solution was made up using RO water and altered to pH 7.0 using 
5M KOH. 
This was filter sterilised using a 0.2 pm filter (Minisart). 
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Appendix 2 
Genes of Interest 
Michaela de Vial 
These genes were selected from the peptidoglycan biosynthesis pathway, and 
with "murein" related words, in addition to penicillin binding proteins, and 
antibiotic resistance determining genes with respect to cell wall biosynthesis 
inhibitors. TTA coding genes were also chosen as important within the 
morphological development of the Streptomycetes. 
Gene Name 
Identificatio 
n Description 
SCP1.56c SCP1.56c spore associated protein, SapC 
SCP1.51c SCP1.51c spore associated protein, SapE 
SCP1.50c SCP1.50c spore associated protein, Sa D 
SCP1.304 SCP1.304 spore associated protein, SapD 
SCP1.303 SCP1.303 spore associated protein, SapE 
SCP1.297 SCP1.297 spore associated protein, SapC 
SC07710 SC8D11.01 
unknown possible phosphotransferase viomycin resistance 
phosphotransferase V ph from Stre tom ces vinaceus 
SC07561 SC5F1.15c 
possible esterase, similar to Nocardia lactamdurans penicillin- 
binding protein 4 
SC07479 
SCBAC 17A6 
. 12c possible 
integral membrane protein 
SC07478 
SCBAC17A6 
. 11C 
possible phosphotransferase similar to many some of which 
are antibiotic resistance determinants 
SC07289 SC5H1.03 
ssgA, S. griseus gene involved in regulation of sporulation 
and cell division 
SC07281 SC5H1.11 
clpP3 probable ATP-dependent Clp protease proteolytic 
subunit 1 
SC07263 SC5H1.29c chiF chitinase 
SC07251 SC5H 1.41 Similar to S. coelicolor putative phosphotransferase 
SCO7175 SC8A11.03 possible regulator similar to S. coelicolor putative regulator 
SC07050 SC4G1.16c 
probable D-alanyl-D-alanine carboxypeptidase and similar to 
B. subtilis penicillin-binding protein DacF precursor 
SC07049 SC4G1.15 probable glutaminase 
SC07047 SC4G1.13 
probable transport integral membrane protein similar to 
Escherichia coli bacitracin resistance protein (putative 
undecaprenol kinase) 
SC06773 SC6A5.22 possible secreted peptidase 
SC06722 SC5F2A. 05c possible regulator similar to SsgA protein 
SC06656 SC5A7.06c related to penicillin-binding protein 4* 
SC06444 SC9B5.11 probable gamma- lutam l transferase 
SC06407 SC3C8.26 
possible gamma-glutamyltranspeptidase (putative secreted 
protein) 
SCO6131 SC9B2.18c 
probable carboxypeptidase similar to D-ala-D-ala 
carbox e tidase precursor 
SC06077 
SCBAC 1 A6 
01 possible antibiotic resistance phosphotransferase 
SC06060 SC9B1.07 murC possible UDP-N-acet lmuramo l-L-alanine ligase 
SC05998 
SCBACI C11 
. 01C murA2 possible 
bifunctional rotein fra ment 
SC05723 SC3C3.09c BldB possible regulator 
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SC05673 SC8B7.05c chiB secreted chitinase 
SC05621 SC2E1.38 whiG RNA polymerase sigma factor WhiG, 
SC05560 SC7A1.04 ddlA D-alanine-D-alanine ligase 
SC05487 SC2A11.21 c similar to anh dro-n-acet lmuram l-tripe tide amidase 
SC05466 SC3D11.23c 
possible hydrolase, similar to autolytic lysozyme from 
Clostridium acetobutylicum 
SC05378 2SC6G5.22c chiS chitinase two-component sensor kinase 
SC05377 2SC6G5.21 c chiR chitinase two-component response regulator 
SC05376 2SC6G5.20c chiC chitinase C (EC 3.2.1.14) (putative secreted protein) 
SC05301 SC6G9.32 
possible secreted penicillin-binding protein, similar to PbpC, 
Bacillus subtilis penicillin-binding protein 3 and putative 
penicillin-binding proteins from mycobacteria 
SC05240 
2SC7G 11.02 
c wblE hypothetical protein 
SCO5122 SC9E12.07c probable peptidase 
SCO5116 SC9E12.01 probable peptide transport system ATP-binding protein 
SCO5115 
SCBAC31 El 
1.11 bldKD putative ABC transporter intracellular ATPase subunit 
SC05114 
SCBAC31 El 
1.10 
bldKC possible ABC transport system integral membrane 
protein 
SCO5113 
SCBAC31 El 
1.09 bldKB possible ABC transport system lipoprotein 
SC05112 
SCBAC31E1 
1.08 
bldKA possible ABC transport system integral membrane 
protein 
SC05046 SCK7.19 wbll S. coelicolor WhiD protein 
SC05039 SCK7.12 S. coelicolor probable penicillin-binding protein 
SC05003 SCK15.05c chiA chitinase A precursor 
SC04847 SC5G8.15c possible D-alanyl-D-alanine carbox e tidase 
SC04752 SC6G4.30 gcp probable O-sialo I co rotein endo et idase 
SC04745 SC6G4.23 alr probable alanine racemase 
SC04643 SCD82.1 murB UDP-N-acet leno I ruvo I lucosamine reductase 
SC04439 SCD6.17c 
possible D-alanyl-D-alanine carboxypeptidase similar to S. 
clavuligerus Pbp2 protein (penicillin binding protein Pb A 
SC04310 SCD95A. 43 
hypothetical protein highly similar to S. violaceus ISP5230 
chloramphenicol resistance protein (CMLV) and 
chloramphenicol phosphotransferase genes 
SC04264 SCD86A. 01c amino I coside phosphotransferase 
SC04132 SCD72A. 18 possible secreted trans I cos lase 
SC04057 2SCD60.23c probable transport integral membrane protein 
SC04049 2SCD60.15 probable antibiotic hydrolase 
SCO4013 2SC10A7.17 probable secreted penicillin-binding protein 
SC03953 SCD78.20c, possible phosphotransferase 
SC03949 SCD78.16 possible secreted peptidas 
SC03926 SCQ1 1.09 
ssgA, probable regulator highly similar to SsgA, S. griseus 
protein associated with sporulation and cell division 
SC03901 SCH24.23 
probable secreted penicillin-binding protein simialr to PbpF, 
Bacillus subtilis penicillin-binding protein 
SC03847 SCH69.17 
probable secreted penicillin-binding protein putative penicillin- 
binding protein from Mycobacterium tuberculosis 
SC03811 SCGD3.12 dacA, probable D-alan l-D-alanine carbox e tidase 
SC03794 SCAC2.02c 
probable glycosyl transferase similar to Bacillus halodurans 
teichuronic acid biosynthesis TuaG 
SC03771 SCH63.18c 
probable secreted penicillin binding protein, similar to 
Streptomyces clavuligerus high molecular weight group B 
penicillin binding protein PcbR 
SC03595 SC66T3.06 ddlA2 also similar to D-alanine: D-lactate ligases from 
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vancomycin-resistant bacteria 
partial CDS, possible transpeptidase, similar to the C-terminal 
region of many penicillin-binding transpeptidases eg. penicillin- 
SC03580 SCH66.01 binding protein 4 from Bacillus subtilis 
SC03549 SCH5.12c bldG probable anti-sigma factor antagonist 
SC03408 SCE9.15 possible penicillin-binding protein 
SC03368 SCE94.19c possible peptidase (putative secreted protein) 
possible phosphotransferase similar to many antibiotic 
SC03277 SCE39.27c phosphotransferases 
possible phosphotransferase, len: 300 aa; weak similarity to 
TR: P72441 (EMBL: U70376) spectinomycin 
phosphotransferase from spectinomycin producer 
SC03234 SCE29.03 Streptomyces flavopersicus 
unknown Similar to two putative regulators from Streptomyces 
SCO3158 SCE87.09c coelicolor 
possible penicillin-binding protein (putative secreted protein) 
similar to many including: Streptomyces clavuligerus 
SC03157 SCE87.08 penicillin-binding protein PcbR 
possible penicillin-binding protein (putative secreted protein) 
Similar to many including: Bacillus subtilis penicillin-binding 
SC03156 SCE87.07 protein 213 (PBP-213) 
whiB probable UDP-N-acetylmuramoylalanyl-D-glutamate- 
SC03034 SCE34.15c 2,6-diaminopimelate ligase 
possible glycosyl transferase, 51.2% identity in 732 as overla 
Bacillus subtilis teichoic acid biosynthesis protein F, TagF, 
SC02983 SCE50.11 also similar to Stre tom ces coelicolor SCE50.09 
possible glycosyl transferase, similar to Streptomyces 
coelicolor putative glycosyl transferase (fragment) Bacillus 
subtilis teichoic acid biosynthesis protein F, TagF, similar to 
SC02982 SCE50.10 Stre tom ces coelicolor SCE50.09 
possible glycosyl transferase, similar to S. coelicolor putative 
glycosyl transferase (fragment) and to Bacillus subtilis teichoic 
SC02981 SCE50.09 acid biosynthesis protein F, TagF. 
SC02949 SCE59.08 murA UDP-N-acet I lucosamine transferase 
possible regulator, SsgA, S. griseus gene involved in 
SC02924 SCE19A. 24 regulation of sporulation and cell division 
possible PTS transmembrane component, similar to many 
PTS (phosphoenolpyruvate-dependent sugar 
phosphotransferase system) transmembrane and sugar- 
SC02907 SCE19A. 07 binding components. 
possible PTS transmembrane component, similar to many 
PTS (phosphoenolpyruvate-dependent sugar 
phosphotransferase system) transmembrane and sugar- 
binding components e. g. GIcA, PtsG, Staphylococcus 
SC02906 SCE19A. 06 carnosus PTS system, glucose-specific IIABC component. 
hypothetical protein, unknown function, similar to parts of 
SC02905 SCE19A. 05c many sugar permeases 
SC02897 SCE6.34 probable secreted penicillin-binding protein 
SC02618 SCC80.03c cl P2, ATP dependent CI protease proteolytic subunit 2 
SC02608 SCC88.19c pbp2, penicillin binding protein 
possible glycosyltransferase similar to Bacillus subtilis teichoic 
SC02590 SCC88.01 acid biosynthesis protein F TagF 
possible glycosyl transferase, weakly similar to 
Staphylococcus epidermidis poly(glycerol phosphate) 
glycerophosphotransferase, TagF and Bacillus subtilis 
SC02589 SCC123.27 teichoic acid biosynthesis protein, TagF 
possible secreted esterase, similar in parts, to several 
SC02283 SCC75A. 29c esterases e. g. Pseudomonas sp. Esterase, also similar, in 
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parts, to several penicillin-binding proteins 
probable glutamine synthetase (EC 6.3.1.2) Highly similar to 
SC02241 SC1G2.03 many other glutamine synthetases 
glnll, glutamine synthetase, identical to previously sequenced 
Streptomyces coelicolor glutamine synthetase (EC 6.3.1.2) 
SC0221 0 SC10B7.05 (glutamate-ammonia li ase Glnll 
SC02198 SC3H12.06 InA, glutamine synthetase I 
possible secreted protein, similar in parts to bacterial AmpD 
(amidase) proteins e. g. AmpD, Enterobacter cloacae anhydro- 
SCO2116 SC6E10.10 N-acet lmuram l-tri e tide amidase 
SC02090 SC4A10.23c ftsl, cell division protein 
murE probable UDP-N-acetylmuramoylalanyl-D-glutamate- 
SC02089 SC4A1 0.22c 2,6-diaminopimelate ligase 
murF probable UDP-N-acetylmuramoylalanyl-D-glutamyl- 2,6- 
SC02088 SC4A1 0.21 c diaminopimelate- D-alan l-alan l ligase 
murX probable phospho-N-acetylmuramoyl-pentapeptide- 
SC02087 SC4A10.20c transferase 
SC02086 SC4A10.19c murD UDP-N-acet lmuramo laIanine-D- lutam ate ligase 
murG probable UDP-N-acetylglucosamine-N-acetylmuramyl- 
(pentapeptide) pyrophosphoryl-undecaprenol N- 
SC02084 SC4A10.17c acet I lucosamine transferase 
SCO1875 SC139.22 possible secreted penicillin-binding protein 
SCO1689 SCI30A. 10 possible phosphotransferase, 
SCO1659 SC152.01 glpF, probable glycerol uptake facilitator protein 
SCO1613 SC135.35c possible glutamine synthetase 
SCO1489 SC9C5.13 bldD putative DNA-binding protein 
SCO1429 SC6D7.10 chiD chitinase 
SCO1391 SC1A8A. 11 phos hoenol ruvate- rotein phosphotransferase 
possible PTS system sugar phosphotransferase component 
SCO1390 SC1A8A. 10 IIA 
possible integral membrane lipid kinase, similar to many 
SCO1326 2SCG61.08 e. . bacitracin resistance protein putative undecaprenol 
kinase 
putative glutamate racemase similar to Escherichia coli 
SCO1018 2SCG2.32c glutamate racemase (EC 5.1.1.3) Murl 
SCBAC19F3 possible secreted protein a resuscitation-promoting factor 
S000974 . 01 c 
from Micrococcus luteus 
possible penicillin-binding protein, weakly similar to penicillin- 
S000830 SCF43A. 20c binding proteins, carbox e tidases and beta-lactamases 
glpK2, glycerol kinase (ATP: glycerol 3- 
phosphotransferase)(EC 2.7.1.30). Highly similar to many 
S000509 SCF6.05 glycerol kinases e. g. Mycobacterium tuberculosis 
secreted chitinase, partial CDS Previously sequenced and 
S000482 SCF80.03 characterised. Streptomyces coelicolor chic (fragment) 
S000434 SCF51A. 12 malX, sugar phosphotransferase 
sapA spore-associated protein precursor, Streptomyces 
coelicolor spore-associated protein precursor (fragment) 
S000409 SCF51.08c SapA 
probable deoR family transcriptional regulator; similar 
transcriptional regulators of the deoR family, similar to 
S000282 SCF85.10 phosphotransferase system regulator 
unknown, partial CDS, Similar to many e. g. Escherichia coli 
unknown pentitol phosphotransferase enzyme II, A 
S000137 SCJ21.18c component 
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